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RESUMO 
A evolução das indústrias aeroespacial e automóvel tem promovido o interesse em estruturas 
hibridas metal-compósito. No entanto, uma das maiores dificuldades na conceção deste tipo 
de estruturas é a união de materiais com propriedades tão distintas. Os métodos 
convencionais, como elementos de fixação ou adesivos podem ser utilizados; no entanto 
acarretam limitações como a concentração de tensões e adição de material no caso da fixação 
mecânica, ou a necessidade de preparação das superfícies no caso das juntas adesivas. A 
tecnologia de fabrico por impulsos eletromagnéticos permite a união de componentes de 
diferentes materiais, conseguindo ainda ultrapassar algumas das limitações impostas pelos 
métodos convencionais. Neste processo de conformação a alta velocidade, a passagem de 
corrente elétrica de elevada intensidade por uma bobine gera campos magnéticos pulsados, 
responsáveis pela aplicação de forças de Lorentz à peça. Este processo permite deformar 
plasticamente, cortar e unir metais com elevada condutividade elétrica sem que exista 
contacto entre a ferramenta e os componentes. 
Na presente dissertação pretende-se estudar a viabilidade técnica do processo EMPT 
(Electromagnetic Pulse Technology) para a produção de juntas em peças tubulares metal-
compósito. Três juntas são desenhadas e produzidas usando níveis de energia diferentes. São 
utilizados tubos de alumínio (EN AW 6082) e varões de poliamida reforçada com fibra de vidro 
(Ertalon PA 6.6 GF30). As juntas produzidas são posteriormente avaliadas com recurso a uma 
análise materialográfica e ensaios de tração a fim de verificar a viabilidade do processo. Os 
resultados obtidos comprovam a viabilidade da produção de juntas entre peças tubulares 
metal-compósito por compressão eletromagnética. É também apresentado um modelo de 
elementos finitos para simular o processo de cravação de juntas de tubos por forças 
eletromagnéticas. Implementou-se um modelo desacoplado. O problema eletromagnético é 
resolvido através do software de cálculo elétrico e magnético por elementos finitos FEMM. A 
pressão magnética calculada é introduzida no modelo mecânico tridimensional desenvolvido 
no Abaqus a fim de replicar a componente experimental desta tese. A validação da simulação é 
efectuada usando os micro-cortes e os ensaios de tração, exibindo uma boa concordância com 
os resultados experimentais pela comparação dos deslocamentos do tubo e regiões críticas.  
Palavras-chave: Tecnologia de fabrico por impulsos electromagnéticos; Cravação por forças 
electromagnéticas; Estruturas hibridas metal-compósito; União de tubos; Compressão 
eletromagnética de tubos; Análise experimental; Modelação numérica. 
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ABSTRACT 
The development of the transport and aerospace industries has lead to an increasing interest 
in hybrid metal-composite structures. However, one of the main difficulties in designing this 
kind of structures relates to the capability of joining such different materials. Conventional 
methods such as mechanical fastening of components or adhesive bonding can be used. 
However, they present well known limitations, such as the need for surface preparation, for 
the case of adhesive bonding, and the concentration of stresses and material addition, in 
mechanical fastened components. The electromagnetic pulse technology (EMPT) is a 
technique capable of achieving these demanding goals while overcoming some of the 
conventional methods’ flaws. The commonly known as “electromagnetic forming” process 
allows not only to form tubes and sheet metal but it is also used for joining and cutting 
operations involving metallic materials with high electrical conductivity. This high-velocity 
forming method uses pulsed magnetic fields to apply Lorentz forces to metal workpieces: the 
workpiece’s deformation is governed by the interaction of a transient magnetic field induced 
by a coil and second magnetic field, created by Eddy currents in the surface of the workpiece. 
The result is a contact-free application of force. 
This thesis intends to experimentally study the viability of the EMPT in the form-fit joining of 
metal-composite tubes. Three joint designs have been developed according to previously 
existing guidelines for this type of connection. Joints were produced using different energy 
levels. Aluminum tubes (EN AW 6082) and a glass-fiber reinforced polyamide (Ertalon PA6.6 
GF30) are used. They are then evaluated using materialographic analysis and tensile tests in 
order to prove the applicability of the EMPT in the form-fit joining of metal and composite 
tubular workpieces. A numerical model has also been created to simulate the joining process 
by electromagnetic tube compression. An uncoupled approach for the problem has been 
employed. The electromagnetic model was solved using the FEMM electric and magnetic finite 
element software. The magnetic pressure calculated is then used as input in the 3D Abaqus 
mechanical model created to replicate the experimental component of this dissertation. The 
simulation is validated using the micro-cuts and tensile tests’ results, showing good correlation 
between numerical and experimental results concerning groove filling, displacements, and 
critical zones. The results obtained from the tensile tests and the micro-cuts prove the 
feasibility of the production of form-fit joints through tube compression against a composite 
mandrel. 
Chap. 0 Motivation vi 
Keywords: Electromagnetic pulse technology: Electromagnetic forming; Metal-composite 
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1 INTRODUCTION 
1.1 Motivation 
The requirement to produce lighter frames and more efficient structures has led to the 
interest in hybrid metal-composite structures for the automotive and aerospace industries. 
However, one of the main challenges in the design of these structures relates to the joining 
of the two materials. The use of hybrid metal-composite structures requires specific joining 
methods that guarantee the production of strong and efficient connections between 
materials with such different characteristics.  
Adhesive bonding is a joining method that relies on the use of a polymeric adhesive to bond 
two surfaces of different workpieces. This method is one of the most universal joining 
techniques as most materials can be bonded using adhesives and whether the joint is 
between parts of similar or distinct materials. The benefits of adhesive bonding include the 
ability to withstand both static and alternating loads, the formation of a homogeneous 
stress distribution and the possibility to join large surfaces with thin adhering section. On 
the other hand, the inability to disassemble an adhesive joint can also be taken into 
consideration if the design involves assembling and disassembling the parts repeatedly. 
Another downside is that this method requires surface cleaning and preparation of the 
adherents in order to produce proper and lasting joints. Adhesive joints are also sensitive to 
environmental factors such as humidity and temperature, which may degrade the bonding 
prematurely. [1-4].  
Mechanical fastening is a joining method fit for most material combinations: joining metals 
to metals, plastics to plastics and metals to plastics as well. It involves adding a fastening 
component (such as a rivet or a screw) in a preexisting hole drilled in both workpieces. In 
the case of rivet joining between metal and polymeric materials, the process depends on 
the geometric parameters of the rivet and the force used to apply it. This type of joints is 
extremely versatile but its main advantage is the ease in the assembly, disassembly, and 
recycling of fastened parts and of the fasteners themselves. However, this technique 
features peaks in the stress distribution around the holes, added weight from the fixation 
components as well as the need for preparation machining and drilling before the 
assembly. When joining metals to fiber reinforced composites, these processes may reduce 
the workpiece’s integrity and induce premature failure in the form of delamination or fiber 
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breakage. They also allow the absorption of moisture which influences the structure’s 
weight and corrosion resistance [1-4].  
Welding is another joining mechanism commonly used that requires the materials to heat, 
melt and fuse to make the joint. Different welding processes can be used depending on the 
materials to be joined: conventional methods (i.e., MAG, TIG…) are used to bind metals 
together, however they produce more energy than the necessary for joining metals to 
composites or polymers. Other techniques, such as resistance welding, laser welding or 
ultrasonic welding can be used in order to produce polymer-polymer joints, as long as they 
are thermoplastics. However, there are no welding methods that allow for the creation of 
direct metal-composite joints. This is due to the dissimilarities of these materials when it 
comes to their microstructures and plasticizing temperatures: these characteristics make it 
impossible to design welded joints between metals and composites as on the one hand, 
metal and composite solubility is very low and on the other hand, the temperature needed 
to melt the metallic component is usually too extreme and degrades the softer polymer [1-
5].   
Although these metal-composite joining methods already exist, they all have specific 
limitations that make it important do develop new ways of bonding parts made of different 
materials that provide better efficiency, flexibility and quality of the joints produced. The 
electromagnetic pulse technology is a process capable of achieving these demanding goals. 
Even though the technology’s name (electromagnetic forming) may suggest otherwise, 
joining is the most common application. This method provides a unique way of joining 
similar or different materials without the use of additional fixation elements or significant 
heat exchanges. When compared to the conventional joining methods these joints also 
achieve considerably more homogeneous characteristics due to the uniform application of 
the magnetic pressure.  
1.2 Objectives 
The aim of this dissertation is to evaluate the viability of the EMPT in the joining process for 
tubular metal-composite workpieces. In order to study the magnetic pulse technology, a set 
of tasks was proposed: 
 Joint design: development of viable geometries to be used in EMPT tube joining 
operations. The designed joints should withstand axial and torque solicitations and 
must be obtainable through conventional manufacturing processes. Several designs 
are to be created in order to study the influence of groove geometry; 
 Experimental joining: creation of the form-fit joints using the joint designs 
proposed. Different discharge energies are tested in order to assess the influence 
of the magnetic pressure in the behaviour of the joints; 
 Joint characterization and validation: evaluation of the manufactured specimens. A 
materialographic analysis is performed to assess groove filling and tensile tests are 
performed to evaluate their resistance; 
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 Simulation of the tube joining process: development of a numerical model that 
replicates the experimental procedure. It intends to be used as a tool in the design 
and optimization process of form-fit joints. 
The last task was not proposed at in the beginning of the project. However, the numerical 
simulation of the joining process is considered a useful tool in the design of this type of 
connections by replicating the process without extensive physical testing.  
1.3 Scope and Layout of the Thesis 
In order to fulfil the main objectives proposed, this dissertation is divided in six chapters. 
After this short introduction, Chapter 2 presents a literature review including the basic 
principles of the EMPT and the description of the usual processes used for this technology. 
The typical components of the EMPT machine are studied as well as the advantages and 
disadvantages of this process compared to conventional metal forming techniques. 
Extensive review is performed regarding the joining techniques for tubular workpieces 
(force-fit and form-fit joints) and a background review of electromagnetic form-fit joints is 
performed in order to define the main process parameters for the creation of these joints. 
Chapter 3 provides a description of the strategy and rules for the design of tubular form fit 
joints. Taking advantage of the review performed in the previous chapter optimal 
geometric parameters are proposed. Based on what is defined, five joint designs are 
developed to resist to axial, torsional or a combination of both solicitations. Three of those 
designs are chosen for further testing.  
Chapter 4 includes the production process of the metal-composite tubular joints and their 
experimental testing. A first look is given to the materials used for the experiment and to 
the equipment used to manufacture these joints. As little or no previous experiments have 
been done regarding metal-composite joining, preliminary tests are performed in order to 
define the critical forming energy that caused the rupture of the composite mandrel 
through impact. After defining the maximum forming energy for the process, two lower 
energy levels are proposed and the creation of the specimens began. Three specimens of 
each of the nine joint design – energy level combinations are created. The evaluation of the 
joints is performed through the analysis of the axial section of a cut sample and through 
tensile tests. This chapter also presents the conclusions regarding the performed tests as 
well as regarding their correlation. 
In Chapter 5, a 3D Finite Element (FE) model that replicates the tube joining process using 
EMPT tube compression is developed. It presents the steps along model creation and 
include a detailed review about the various approaches for the simulation of the 
electromagnetic-mechanical problem and the materials’ mechanical and electric properties 
that are used as input for the model. Two main softwares are used for the analysis: FEMM 
allows for the calculation of the electromagnetic component of the problem and Abaqus is 
used so solve the mechanical part. An uncoupled approach is used, meaning that the 
solution of the electromagnetic problem is not updated after each step of the mechanical 
problem, providing acceptable computation times. After solving the FEMM electromagnetic 
problem, its output (the magnetic pressure along the tube) is used in the Abaqus software 
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to simulate the non-uniform magnetic pressure imposed during the process. The results 
obtained from Chapter 4 are then compared to the simulations’ results for validation. 
Finally, in Chapter 6, a brief summary of all subjects that were mentioned and the actions 
performed in order to write this document is presented, along with this work’s main 
conclusions and considerations regarding the viability of the EMPT in the production of 
form-fit joints between metal and composite tubes. Some suggestions for future work are 
also presented is this chapter, along with other considerations. 
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2 LITERATURE REVIEW 
2.1 The Electromagnetic Pulse Technology 
Electromagnetic pulse technology (EMPT) is a high-speed forming method that takes 
advantage of pulsed magnetic fields to apply forces to a workpiece made of highly 
conductive material. This technique is therefore associated with metals and alloys such as 
Aluminum and Copper. The EMPT is a versatile technology that can be used for multiple 
applications such as forming of either tubes or sheet metal, joining of metallic closed 
profiles and cutting operations [1, 3, 6-17]. 
The first attempts to use electromagnetic forces to deform materials took place in the 
1920’s [9]. However, the electric currents needed to induce the electromagnetic fields 
required for permanent deformation were not reached due to the lack of technical 
knowledge and several malfunctions that occurred with the systems created, leading to a 
lack of interest in this subject for several decades. In the beginning of the 1960’s, 
experiments in the area of nuclear fusion used high intensity magnetic fields in order to 
compress gas by discharging several connected capacitors. The currents used at the time 
reached around 106 Ampere and induced magnetic forces capable of deforming the 
conductors apart by exceeding the material’s yield strength. Several experiments were 
made during this decade showing promising results which lead to the slow introduction of 
this process to the industrial environment [9]. 
 
Figure 1 - First mass production application of EMPT by ring compression [9]. 
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In 1964, EMPT equipment was first used by General Motors to attach by ring compression 
neoprene covers to ball joints used in the automotive industry (Figure 1). The equipment 
used was rudimental when compared to the what is used nowadays however it relied on 
the same principles and was used for many years in the production of reliable automotive 
parts [9]. Since then, the process has evolved in terms of reliability, operator safety and 
ease of use as the first machines introduced were laboratory research machines adapted to 
the industrial needs [9, 18].  
This process takes advantage of electrical and electromagnetic principles in order to deform 
a metallic workpiece. When a pulsed high current (usually from 100 to 1000 kA [18, 19]) 
flows through a conducting coil, a transient magnetic field is created. If a metallic object 
(the workpiece) is placed nearby the coil and therefore inside the magnetic field produced, 
eddy currents will be generated, flowing on the opposite direction when compared to the 
current flowing through the coil [6-9, 15]. These two currents will then create an intense 
repulsive force between the tool and the workpiece that acts like a pressure orthogonal to 
the workpiece surface (Figure 2) [10]. If this magnetic pressure is strong enough, meaning it 
is higher than the flow stress of the material, high-speed deformation will occur [13, 14]. 
Due to the magnitude of the magnetic pressure imposed, the workpiece can easily reach 
velocities around a couple hundreds of meters per second [11] and strain rates around 104 
s-1, with operation times between 10 and 100 µs. Further information regarding the EMPT 
process was obtained can be obtained from [19-27] . 
 
Figure 2 - Representation of the electromagnetic tube compression process. The current flowing through the 
coil is ultimately transformed into a magnetic force/pressure, repelling the coil and workpiece [27]. 
Although tube joining by electromagnetic compression is the most common application on 
the EMP technology, three process variants can be achieved depending on the geometry 
and positioning of the coil and workpiece: tube or hollow profile compression or expansion 
and 2D or 3D (preformed) metal sheet forming [6, 8]. These will be discussed in the 
“Equipment” Sub-Chapter. 
2.2 RLC Analogy 
The EMPT process can be represented by a RLC circuit (Figure 3) where the circuit capacitor 
, the inductance  and the resistance  constitute the forming machine that is 
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connected to the coil’s resistance  and inductance  in series. The energy stored in 
the capacitor  can be calculated using Eq. 1 from the capacity  and the voltage  
[6, 8]. Common charging voltages are between 3 and 25 kV, achieving charging energies 
from 1 to 100 kJ [13, 28]. 
 
 
(1.1) 
 
Figure 3- Equivalent RLC circuit for the electromagnetic forming process [8]. 
A rapid discharge generates the current  or . This current is represented by a 
damped sinusoidal oscillation, determined by the forming machine’s parameters (Figure 4). 
This current is responsible for the magnetic field which induces a secondary current , 
in the opposite direction on the surface of the workpiece. Due to the second current , 
the magnetic field  is concentrated in the gap between the coil and the workpiece [6, 8], 
thus creating the magnetic pressure responsible for the workpiece deformation as soon as 
the yield stress of the material is reached [27].  
 
Figure 4- Representation of a) the EMPT circuit; b) the current  and c) the magnetic pressure  [8]. 
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2.3 Equipment 
A typical EMPT system is composed by four main elements: pulsed power generators, 
energy storage and control; tool coil; fieldshaper; form defining tools. These components 
will be studied in this chapter in order to better understand the EMP technology [8]. 
2.3.1 Pulsed Power Generator 
In order to create the high energy electrical impulse required to operate this system, the 
first component to take into consideration is the pulse power generator. It is the element 
designed to store energy provided by the power source [6, 8]. As such it must be able to 
resist the high voltage and current necessary for the forming operations [12]. They consist 
in a group of capacitors connected in parallel, a charging unit and a high current switch [6, 
8, 19].  
2.3.2 Tool Coil 
The coil is the element that converts the electrical energy to a magnetic pressure that will 
deform the workpiece. They are designed to conduct the electric current and create a 
suitable distribution of the magnetic field and pressure [6, 8].  
They must be able to convert effectively the capacitor bank energy to deformation force 
while having high mechanical resistance, resistance to excessive voltage and the simplest 
design possible for the operation planned [8, 9].  
As mentioned before, depending on the geometry and positioning of the coil and 
workpiece, three process variants can be achieved: tube or hollow profile compression or 
expansion and 2D or 3D (pre-formed) metal sheet forming [6, 8, 13].  
Tube compression is achieved by using a cylindrical coil that surrounds the outer tube shell. 
Using the same type of coil but on the interior of the metal tube will result in an expansion. 
For the sheet metal forming, flat coils are used (Figure 5). 
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Figure 5- Coil-workpiece configuration for a) tube compression, b) tube expansion, c) sheet metal forming [6]. 
Two main coil types are used in tube forming operations: multi turn coils and single turn 
coils. Multi turn coils are produced by coiling highly conductive wire according to the 
process demands, for example coil position or workpiece size. They lack structural integrity 
due to their shape and therefore show a relatively short lifetime [8, 10, 29].  
A single turn coil consists in a machined conductive plate, usually featuring a hole and a slot 
as shown in Figure 6. Although this type of coil is quite inefficient due to its low inductance, 
its geometry and size make it tougher and provides longer lifetime then a spiral multi turn 
[8, 10, 29]. The materials used for this type of coil are chosen based on their high electrical 
conductivity and yield strength and include high-strength aluminum alloys, copper 
beryllium alloys and brasses [10] and should be encapsulated with plastic materials [8, 10]. 
In the experimental component of this dissertation, this type of coil will be used to build 
the designed joints. 
 
Figure 6 - Single turn coil [10]. 
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2.3.3 Fieldshaper 
The fieldshaper (Figure 7) is an optional element in an EMPT machine. Its function is to 
adjust and concentrate the generated magnetic field and consequent magnetic pressure in 
order to manufacture a better final product. It is usually an axisymmetric, highly conductive 
component inserted between the coil and the workpiece [8, 13].  
 
Figure 7- Scheme of electromagnetic tube compression with a fieldshaper [13]. 
When using a fieldshaper, as the high energy electrical discharge flows through the coil it 
induces eddy currents on the fieldshaper’s outer surface. These superficial currents flow 
around this tool and reach the interior surface through a gap intentionally designed [13, 
29]. As the inner surface is usually smaller than the outer one, an intensification of the 
magnetic field strength occurs, as eddy currents are generated once more but this time 
between the fieldshaper and the tubular workpiece [8, 29].  
Besides the application of specific and concentrated magnetic fields, fieldshapers can 
provide a longer coil lifetime as this element creates stronger repulsive forces between it 
and the workpiece than between it and the tool coil [8, 13, 14, 20]. 
The use of a fieldshaper can bring several advantages to the electromagnetic forming 
process as well. The use of this kind of tool makes the EMPT process more flexible, as a 
generic coil can be complemented with a fieldshaper in order to produce parts that would 
otherwise need a coil with different characteristics (for example for forming small diameter 
tubes with coils designed to fit larger ones) [8, 13, 20, 21]  
2.3.4 Form Defining Tools 
Form defining tools are frequently used in order to end up with specific geometries that 
would not be achievable if the workpiece was not pressed against that specific die, for 
example when a free forming operation does not allow for the creation of the desired 
roundness of deformation. These tools can be used in all EMPT workpiece types: sheet 
metal or tubes (through compression or expansion) (Figure 8). 
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Figure 8- Using form defining tools in EMPT [8]. 
Focusing on tubular workpieces, the position of a form defining tool is related to the 
forming process being done: in the case EMPT by compression, this element (usually 
referred to as the mandrel) is located inside the tube in order to create the grooves 
intended; on the other hand, for expansion processes, the form defining tool is located on 
the outside surface so that a bulge is formed [6, 8].  
If the objective of the forming process is to form the workpiece (instead of joining), 
magnetic forces imposed must take into consideration the fact that the form defining tool 
used must be removed from the workpiece. As such, the magnetic pressure limit is set by 
the force needed to extract the workpiece after forming. Other measures, besides the 
reduction in magnetic pressure that help reduce pull-out forces, include the use of 
lubrication, geometric adjustments, the material’s choice or the use of pre-strained 
mandrels [6, 8]. 
2.4 Advantages and Disadvantages 
When comparing the EMPT process with other more conventional metal forming methods, 
several advantages can be found. The most important ones are discussed in this chapter, 
along with the major negative aspects of this process. 
The main advantages regarding the EMPT processes are the following: 
 Due to the processes’ high strain rates, the mechanical properties can be improved 
when compared to quasistatic forming conditions [8, 12]. The high strain rate can 
lead to an increased formability in some materials [22, 23, 30]. As an example of 
this phenomenon, aluminum sheet metal can be deformed about 100% without 
failure when formed at high strain rates, while the same material fails at 20 – 40% 
deformation when using conventional forming methods [12]; 
 The processing velocity also influences production rates and cycle times: these are 
influenced mainly by the machine preparation and setup (final product removal, 
new workpiece setup and charging time) [6, 8]. If these procedures are automated 
and optimized, output capacity can reach values of about 3600 operations/hour [8, 
12]; 
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 High strain rates allow the use of dies with simpler designs, as there is reduced 
springback at the end of the operation [6, 8, 26]; 
 Being a contact-free forming method means that a workpiece can be 
electromagnetically formed without damaging the cover or leaving tool imprints on 
the surface [6, 8, 12, 16]. Surface treatments such as anodizations are not damaged 
[8, 12]. This also means that no lubricants or special working mediums are required, 
making this method more environmentally friendly than regular metal forming by 
mechanical or hydraulic press, for example, while providing output parts of the 
same or better quality [8]. Clean room environments can be simulated by enclosing 
the workpiece in a non-electrical conductive material during the forming 
operations. Materials like glass and other ceramics or polymers are penetrated by 
the pulsed magnetic field and are not affected by the pulsed magnetic field, 
allowing the electromagnetic forming of environment sensitive materials [12]; 
 This process provides high repeatability, as the adjustment of the discharge energy 
and voltage and therefore pressure, is extremely accurate [12, 14].  
However, this technology, just like any other, also has some drawbacks. The main process 
disadvantages are: 
 Only materials characterized by a high conductivity and low flow stress can be 
formed by this method. Overcoming this disadvantage is possible by either 
adapting the discharge frequency or by using a driver foil: surrounding the 
workpiece with a high conductivity material (such as aluminum foil or annealed 
copper) intensifies the induced electrical flow in the workpiece, amplifying the 
forces between it and the coil [8]; 
 There are shape limitations for electromagnetically formed workpieces. Complex 
geometries and deep drawing are not easily achievable and there are size 
limitations to the workpieces formed [8, 12]; 
 This process is also known for being extremely inefficient when the capacitor bank 
charging energy and the effective energy used to form the metal workpiece are 
compared. Several reports state that this ratio can be somewhere between 2 and 
20% [6, 8-10]; 
 Safety requirements are also a concern as this process involves electrical discharges 
of high current and voltage that result in strong magnetic fields [6, 8, 9, 12].  
2.5 Joining by EMPT 
Even though the technology’s name (electromagnetic forming) may suggest otherwise, 
joining is actually the most common application. This method provides a unique way of 
joining similar or different materials without the use of additional fixation elements or using 
significant heat exchanges [7, 8, 31, 32]. When compared to the conventional joining 
methods (mechanical crimping and fastening, welding and adhesive bonding) the joints also 
achieve considerably more homogeneous characteristics due to the uniform application of 
the magnetic pressure [13, 19, 33]. 
For tube joining, electromagnetic forming provides a versatile method for manufacturing 
joints by interference fit, form fit or impact welded joint although the latter is not suitable 
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for joining metals to composites or polymers. The use of an adhesive can also be 
implemented to increase the strength of the connection [32-34]. 
Both tube compression and expansion can be used for joining processes involving metals 
and composites, but the first one is seen as the most viable method. This is due to 
limitations related to the mechanical strength of the coils used in electromagnetic 
expansion and their low lifetime [6, 8, 13, 14]. In Figure 9, an aircraft seat with metal-
polymer joint performed by EMPT is shown. 
Joining by electromagnetic forming has revealed especially interesting in the field of joining 
lightweight materials by tube compression as joint strengths can sometimes exceed the 
tube’s tensile strength [28]. 
 
Figure 9- EMPT crimping applied to join dissimilar materials (polymer-metal) in lightweight aircraft seats [19]. 
In general, two types of joints can be achieved with the use of the EMPT: interference-fit 
and form-fit joints [13].  
2.5.1 Interference-Fit Joints 
Interference-fit or force-fit joints rely on a difference in the elastic recovery of the two 
workpieces being joined together [13].  
This method is described in Figure 10 for both electromagnetic compression and expansion. 
When radial magnetic pressure is applied to the metallic tube (A), it is deformed until it 
touches the mandrel (B). Deformation proceeds, with workpiece A being elastic-plastically 
deformed and workpiece B being purely elastically deformed. After the end of the magnetic 
pressure application, both parts recover elastically but due to the higher elastic strain of 
workpiece B, the parts do not recover completely and therefore an interference pressure is 
created between the two workpieces.   
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Figure 10- Interference-fit joining process description [28]. 
The gap between the joining partners in phase 1 of Figure 10 is also an important 
parameter in this process as it influences the strength of the joint as well [8]. During the 
electric pulse, the workpiece is accelerated until it reaches a maximum speed and then 
decelerates. In order to fully take advantage of the maximum energy, the gap should be 
chosen in a way that allows for the maximum workpiece velocity to be reached [26, 27, 30]. 
The strength of this joint depends on the interference pressure, the coefficient of friction 
and the area of the joining zone [8, 13]. With this in mind, the strength of these types of 
joints can be increased by increasing the electrical discharge intensity (resulting in an 
increased interference pressure), by increasing the length of the joint (which requires a 
larger coil) or by increasing the coefficient of friction, the latter being the most effective 
way to increase joint strength. Machined mandrels such as the ones in Figure 11 have 
shown higher joint strength than plain mandrels for the same process parameters [35]. 
 
Figure 11- Examples of machined surfaces compatible with EMPT tube joining by interference-fit. a) and b) 
knurled surfaces; c) screw thread with axial grooves; d) screw thread [35]. 
2.5.2 Form-Fit Joints 
Form-fit connections imply that one of the joining partners, the mandrel in the case of 
joining by compression, has additional geometric elements such as grooves. During the 
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tube deformation, the tube is formed in such a way that it adapts to these features so that 
the joint is fixed against an external load (Figure 12). This process typically provides 
stronger joints when compared to interference-fit joints made by EMPT [13, 26, 27, 31]. 
 
Figure 12- Representation of the joining by form-fit process [36]. 
2.5.2.1 Review on Form-Fit Joints 
Axial joints are most commonly composed by one or more circumferential grooves as these 
provide locking mechanisms against the slipping of the joining components. Different 
groove geometries can be applied (Figure 13) [13]. 
 
Figure 13- Applicable groove shapes for electromagnetic form-fit joints [13]. 
 
 
Figure 14- Geometric groove parameters affecting joint strength using rectangular grooves [34]. 
Since the first developments of this technology, many authors have investigated the 
behaviour of form-fit joints by EMPT as well as the influence of the mandrel’s geometric 
parameters (Figure 14). Bühler et al. [37] have investigated the influence of the rectangular 
groove’s geometry in the joint strength of EMPT joints. By varying the groove width and 
depth and adjusting the electromagnetic pressure (in order to achieve a joint where that 
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simply touched the groove bottom), results showed that an increase in depth and a 
decrease in width of the grooves influences joint strength positively [8, 36].  
Park et al. [34] also studied the groove’s geometric influence in the joint strength, focusing 
on groove depth, width but also on the radius at the edges. Besides the characterization of 
the radius, Park’s research differed from Bühler’s in the way that groove parameters were 
altered without adjusting the magnetic pressure, resulting in different contact areas in the 
bottom of the groove for different geometric parameters. The results matched the ones 
obtained three decades earlier regarding groove depth, although excessive depths lead to a 
decrease in joint strength because of localized thinning of the tube walls at the edges. It 
was also discovered that an increase in groove width which promoted a larger contact area, 
lead to an increase in joint strength due to the appearance of interference-fit related 
stresses at the bottom of the groove; however, an excessive increase causes a wrinkling 
effect that negatively influences joint strength. Regarding the groove radius, Park et al. [34] 
discovered that smaller radius lead to higher joint strength, however there is a lower radius 
limit below which there is an increase in shearing effects at the groove edge. Additionally, 
both researches have shown that it is possible to further increase a joint’s strength by using 
multiple grooves instead of just one [36]. 
Weddeling et al. [36] also performed extensive research and testing regarding the influence 
of groove geometry in axial metal-metal joints. His work focuses all relevant aspects to the 
production of form-fit joints. Unlike previously mentioned work that only focused on the 
groove shape and dimensions, it covers the relationship between the charging energy and 
the joint’s tensile strength as well (Figure 15. Two failure modes were observed during the 
tensile tests of the joints: pull-out of the tube from the mandrel and tube breakage over the 
groove edge (Figure 16). These failure modes were associated with the parameters being 
evaluated and are represented in the plots as unfilled marks for failure by tube pull-out and 
filled marks for failure by tube tearing [36]. 
 
Figure 15- Example of load-extension curve plotted by Weddeling. Joint failure occurs at Fj, where there is the 
first relative movement between the tube and mandrel [36]. 
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Figure 16- Failure modes observed in Weddeling’s work. On the left, failure by tube/mandrel pull-out; on the 
right, tube shearing [36]. 
 
Figure 17- Relationship between pull-out force and groove shape [36]. 
When evaluating the different groove shapes, Weddeling et al. [36] verify that for each 
shape, increasing depth increases joint strength in a linear way. It also shows that no 
matter what, rectangular shapes always provide higher joint strength, while triangular 
grooves provide the weakest connections (Figure 17). This is considered to be due to the 
shearing and necking formed at the groove edge for this configuration that locks the 
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components together. On the other hand, the triangular grooves are always found to be 
the weakest: for this groove type the angle α is bigger and therefore the tube is prone to 
deform considerably less, resulting in lower joint strength (Figure 18) [36, 38].  
 
Figure 18- Radioscopic pictures of axial joints with different shapes [36]. 
 
Figure 19- Relationship between pull-out force and groove dimensions [36]. 
The result distribution obtained by Weddeling et al. [36] for the influence of a rectangular 
groove’s dimensions (Figure 19) shows a clear relationship between groove dimensions and 
the joint’s ultimate force, where deeper and/or narrower grooves provide higher strength 
just like the previous researches had shown. This could be due to the fact that bigger 
deformation is needed to fill such a deep, “aggressive” feature, resulting in higher stiffness 
at the groove. The radioscopic images obtained (Figure 20) provide a visual representation 
of the variation of α with depth. The use of deeper grooves assures a lower angle α which 
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increases the degree of deformation of the outer tube at the groove edge, locking the two 
pieces together more firmly. Although it may seem that one could increase joint strength by 
increasing depth, it should be taken into consideration that shearing at the groove edge can 
occur if the deformation is excessive and, therefore, there is an upper limit where increased 
depth no longer leads to an increased joint strength. 
 
Figure 20- Radioscopic images of rectangular grooves with different depths. The relation between depth and 
angle α and between depth and deformation degree is visible [36]. 
 
Figure 21- Relationship between pull-out force and charging energy for various groove depths [36]. 
As expected, the results for the pull-out force vs. charging energy show that for each 
groove design, an increase of the charging energy (which was at first calculated so that the 
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deformed tube only touched the groove bottom) linearly increases the strength of the joint 
in this range of values (Figure 21). The energy increase creates a larger contact surface 
between the deformed tube and the mandrel and increases joint strength by adding a 
component related to an interference-fit inside the groove. Higher forming energies also 
decrease the angle α, as it is shown in Figure 22. 
 
 
Figure 22- Influence of the magnetic pressure in filling the grooves [36].  
 
Figure 23 - Cut-view of a double groove form-fit axial joint [38]. 
This investigation also shows that the charging energy and depth strongly influence how 
the joint fails under loading: deeper and/or narrower gaps formed with higher forming 
energies tend to fail by tube shearing. This is due to the fact that that the use of higher 
magnetic pressures increases shearing effects at the edge of the grooves, which locally 
reduces the tube’s stiffness [36].  
Additionally, both researches have shown that it is possible to further increase a joint’s 
strength by using multiple grooves instead of just one such as in Figure 23 [34, 36]. 
Vanhulsel et al. [38] and Faes et al. [39] examine the influence of the second groove and 
optimize this geometry in terms of groove filling and torque resistance, concluding that this 
change positively influences the performance of axial form-fit joints. 
2.5.2.2 Design of Torque Form-Fit Joints 
The design of torque joints is similar to the design of axial joints except the loads act in the 
circumferential direction, twisting the joint. The pocket’s main geometric parameters to 
take into consideration are the groove length in the axial direction and the number of 
grooves around the mandrel although the groove’s width, depth, and edge radius (Figure 
24). Park et al. [34] conclude several relation between geometrical parameters and torque 
strength: an increase in groove width and depth positively influences the joint’s resistance 
until a certain degree [34, 40]. 
Chap. 2 LITERATURE REVIEW 21 
Bogaert et al. [40] discuss the influence of each  groove parameter: 
 Groove edge radius can be defined according to the two extreme situations: when 
an edge radius is too small, excessive necking may occur, along with thinning of the 
tube, decreasing joint strength; on the other hand, a too large groove radius may 
allow for the tube to easily slip out of the groove. It is also assumed that as this 
parameter influences the joint less in torsional cases than in axial cases, so a lower 
radius can be reached; 
 A deeper groove is able to lock the workpieces together more firmly, as more 
deformation occurs at the tube. However, an excessive depth may lead to severe 
necking at the groove’s edges; 
 An increase in groove length creates larger contact areas between mandrel and 
tube, resulting in more frictional force and therefore joint strength; 
 Groove width behaves like the length parameter in the way that increased strength 
is observed with increased width. 
 
 
Figure 24- Example of the sockets used for form-fit connections using EMPT [34]. 
One of the main aspects to take into consideration when designing this type of joints 
relates to the fact that increasing joint strength by increasing the pocket’s length influences 
the structure’s weight and cost negatively, as a larger overlapping area must be created 
leading to the use of more material. Thus an effort has to be made in order to minimize 
groove length without compromising the joint’s integrity [34].  
Groove width must be taken into consideration as well and minimized as it the most 
influencing factor when determining the number of grooves that can be machined onto a 
mandrel. However, creating pockets that are too narrow in order to maximize the number 
of pockets is useless, as there must be space for the tube material to flow and adapt to the 
groove [32, 41].  
In [41], Faes et al. analyze the effect of the number of axial grooves in the resistance of the 
joint. They test similar crimp connections with internal mandrels with longitudinal grooves, 
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differing in the number of said grooves. They prove the almost linear relation between joint 
strength and number of grooves expected. 
2.6 Summary and Outlook 
In this chapter, a bibliographical review is presented in order to introduce the 
electromagnetic pulse technology. First, the basic principles of this technology and its most 
important applications are presented. The equivalent RLC circuit is analyzed as well as the 
equipment that is commonly used in the process. After comparing the EMPT with 
conventional tube joining techniques, the process’s advantages and disadvantages are 
reviewed. Finally, a review focused on the use of the EMPT in the joining process of tubes is 
presented, along with the analysis of several experimental reports that provide crucial 
information regarding the main process and geometrical parameters that influence the 
behavior of force and form-fit joints manufactured by the EMPT.  
The fact that there is little literature in the field of hybrid joints involving metals and fiber 
reinforced polymers, makes this dissertation one of the pioneers in the study of the 
behavior of electromagnetically crimped joints. 
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3 DESIGN OF FORM-FIT JOINTS 
Taking into consideration the literature review regarding form-fit joints performed in the 
previous chapter, the process of joint design is now explained and fundamented. A set of 
design rules is presented for the production of viable tube connections.  
In order to study the applicability of the EMPT for the form-fit joining of metal-composite 
tubes, three joint designs are later proposed. 
3.1 Considerations for the Geometric Parameter’s  
Considering previous experiments and simulations developed throughout the last decades, 
some guidelines towards optimal form-fit designs can be specified [34, 38, 39, 41, 42]. 
Groove Depth ( ) 
Groove depth should be such that provides full groove penetration (i.e. at least the tube 
thickness ( )). On the other hand, excessive deformation may cause wrinkles or excessive 
shearing at the groove edges. According to the literature review, the optimal groove depth 
is given by the relation: 
  (3.1) 
 
where  is the tube’s wall thickness and  is the average tube diameter [34, 41].  
Groove Radius ( ) 
According to the difference in influence of the groove edge radii when comparing axial and 
torque joints, it is inferred that torque joints allow the use of smaller edge radii than axial 
joints [41]. A value of   for torque joints and  for axial joints is considered a valid 
guideline to design this feature. In [34, 41], the parameter relation for defining groove edge 
radius is given as: 
 
 
 
(3.2) 
Chap. 3 Definition of the Geometric Parameters 24 
Groove Width ( )  
Groove width has different geometric significance in both axial and torque joints.  
In axial joints, it represents the groove size in the axial dimension. For its correct design, it 
must be as small as possible (in order to reduce the overlapping zone, thus reducing 
weight), without influencing the proper material flow inside the groove and remembering 
that wider grooves promote higher joint strengths.  
In torque joints, the width basically determines the number of grooves admissible around 
the tube. In both circumstances, a minimum width of 3 to 4 times the depth of the groove 
is advised [38, 42]. 
Groove Length ( ) 
Groove length relates only to torque joints and it is the dimension of the groove measured 
in the axial direction. Although it is one of the parameters that influences the joint’s 
strength, along with the number of grooves around the mandrel, it should be minimized for 
the same reasons that width in axial grooves is minimized.  
3.2 Definition of the Geometric Parameters 
According to the guidelines established in the last sub-chapter and taking into 
consideration the experiments developed by MetalMorphosis [43], the mandrel’s 
dimensions can be calculated.  
Groove Depth: 
Considering that  and :  
  (3.3) 
The calculation above suggests 1 mm for the optimal groove depth. However, 1.5 mm was 
chosen for the effective depth. This provided extra space for the aluminum tube 
deformation, as the tube’s thickness itself is 1 mm. This parameter is used for both axial 
and circumferential grooves. 
Groove Edge Radius: 
 Axial component: 
  
 
(3.4) 
 Torque component: 
 
 
(3.5) 
According to the relations above and considering that axial joints require a higher value, the 
groove edge radii for axial and torque components are 1 and 0.5 mm respectively. 
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Groove Width: 
 
 (3.6) 
The guidelines for groove design advise that for this mandrel, groove width should be 
above 3 mm.  
Groove Length: 
Groove length in the axial direction is limited by the maximum length of the coil. The active 
surface of the coil is 12 mm long, which should be reduced considering the properties of 
the transient magnetic pressure applied at the edges of the coil. Therefore, an attempt is 
made to keep the total groove length in the axial direction under 10 mm. 
3.3 Joint Designs 
The joint design process originated five mandrel designs, three of which showing special 
relevance to this work. Only the used designs will be mentioned in this chapter, while the 
others will be referenced in the chapter regarding Future Work. 2D drawings of these 
designs are featured in the Annexes section of this dissertation. 
3.3.1 Joint 1  
The first joint designed is the simplest and features a single radial groove to provide axial 
resistance. It will be used mainly for comparison purposes as it is expected that the other 
joint designs will exceed this joint’s strength. The figures below are a SolidWorks model of 
the first mandrel design.  
 
Figure 25 - Isometric view of joint 1 (from SolidWorks). 
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Figure 26 - Side view of joint 1 (from SolidWorks). 
 
Joint 1 features a single groove with 1.5 mm in depth and 4.5 mm in width. The top groove 
edge radius is 1 mm while the bottom one is 0.5 mm (Table 1 - Dimensions chosen for joint 
1.). This geometry is based on the guidelines proposed in the last chapter. 
Table 1 - Dimensions chosen for joint 1. 
Groove Depth (mm) 1.5 
Groove Width (mm) 4.5 
Groove Edge Radii – Top (mm) 1 
Groove Edge Radii – Bottom (mm) 0.5 
 
3.3.2 Joint 2 
The second groove geometry defined features two radial grooves as proposed in [34, 41] 
(Figure 27 and Figure 28). A scale of 2:1 was implemented between the first and second 
grooves’ depth and width as this helps to distribute the stresses between both grooves. The 
first two joints are manufactured exclusively through the use of a lathe. Groove dimensions 
for this joint can be seen in Table 2. 
Table 2 – Dimensions chosen for joint 2. 
 Deep groove Shallow groove 
Groove Edge Radii (mm) 1 1 
Groove Depth (mm) 2 1 
Groove Width (mm) 6 3 
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Figure 27 - Isometric view of joint 2 (from SolidWorks). 
 
Figure 28 - Side view of joint 2 (from SolidWorks). 
3.3.3 Joint 3 
Joint 3 features both longitudinal and radial slots as it is designed for both axial and 
torsional solicitations as shown in Figure 29 and Figure 30. The mandrel’s grooves are 
designed in such a way that axial and torque grooves are separated. 
Both tensile and torque tests were intended for this joint. However, torque tests could not 
be performed. This joint is used to analyze the formability into axial and radial grooves as 
well as the influence of extra geometric features in the tensile behaviour of the form-fit 
joints. 
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Figure 29 - Isometric view of joint 3 (from SolidWorks). 
 
Figure 30 - Side view of joint 3 (from SolidWorks). 
The radial groove is designed using the same dimensions as Joint 1 (Table 3): 1.5 mm deep, 
4.5 mm wide and with top and bottom groove radii of 1 and 0.5 mm respectively. The axial 
groove is 1.5 mm deep as well. The axial grooves are designed to be machined using a ball 
nose milling tool with 3 mm diameter, which was a manufacturer’s demand. Six slots are 
designed so that they do not affect each other. 
Table 3 - Dimensions chosen for joint 3. 
 Radial groove Axial groove 
Groove Edge Radii – Top/Bottom (mm) 1/0.5 0/1.5 
Groove Depth (mm) 1.5 1.5 
Groove Width (mm) 4.5 9 
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4 EXPERIMENTAL PROCEDURE 
This chapter describes the materials, equipment and methodology used for the production 
and evaluation of form-fit joints between metal and composite tubes.  
4.1 Materials and Experimental Setup  
4.1.1 Materials 
The tube is made of the aluminum alloy EN AW 6082. It is known as a structural alloy and it 
is the strongest of all the 6000 series aluminums [44, 45]. The increased strength is due to 
the grain structure resulting from the addition of manganese [46]. It is typically used in high 
stressed applications, structures such as bridges or cranes and in the transportation 
industry [45]. A material datasheet for this aluminum alloy is present in Annex 4 [47]. For 
each sample, 1 mm thickness and 20 mm outer diameter tube with 100 mm length was 
used. 
The material chosen for the composite mandrel is PolyLanema’s Ertalon® 66-GF30, a short 
glass-fiber reinforced polyamide. Compared to virgin polyamide 6.6, this reinforced version 
with 30 % mass fraction of short and randomly oriented glass fibers, offers greater 
mechanical strength, stiffness, creep and fatigue resistance and dimensional stability [48]. It 
is also characterized by good machinability as well as for being a good electrical insulator 
[49]. A material datasheet for this fiber reinforced polymer is presented in Annex 5 [50].  
4.1.2 EMPT Machine 
The magnetic pulse system (Figure 31) used in the experiments is defined with the set of 
characteristics presented in Table 4. 
Table 4 - Electromagnetic pulse machine's specifications. 
Specification Value 
Max. stored energy 25 kJ 
Max. discharge voltage 25 kV 
Max. output current 400 kA 
Capacitance 80 μF 
Resistance 19 mΩ 
Inductance 0.1 μH 
Chap. 4 Materials and Experimental Setup 30 
 
Figure 31 - EMPT system used for the experimental procedures [51]. 
4.1.3 Coil and Workpiece Setup 
The experimental setup is represented in Figure 32. As mentioned before, a single-turn coil 
was used for the experimental tests. It was machined from 40 CrMnNiMo 7 steel and its 
most relevant characteristics for the experiment are presented in Table 5.  
 
Figure 32 – Cut-view of the SolidWorks model for the coil and workpieces assembly. 
Table 5 - Electrical and geometrical properties of the coil. 
Material  Steel 40 CrMnNiMo 7 
Electrical conductivity 2 MS/m 
Diameter 21.42 mm 
Active length 12 mm 
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Two extra pieces (represented in yellow in Figure 32) are made of an electrical insulating 
polymer and are used to position and constraint the workpieces. The positioning of the 
tube is straightforward, as it slides until hitting the right-hand side component. The 
positioning of the mandrel is performed by a third component that slides into the tube and 
acts as a stopper for the composite bar (Figure 33). This stopper has a specific length in 
order to align the center of the groove with the center of the coil’s active zone. 
 
Figure 33 - Detail of the positioning and constraining system. 
NOTE 1: 
The tube-mandrel overlapping zone of the composite mandrel has an 18 mm diameter, the 
following section was designed with 16 mm diameter in account of the already existing 
positioning system of the EMPT coil. The schematic SolidWorks assembly shown in Figure 
34 presents the experimental setup for joint 1 in cut-view. 
However, when the mandrels were received after the machining operations, none of the 
designs featured the previously mentioned feature that allowed for the proper assembly of 
the components. Faced with said inconvenient, the positioning system had to be 
redesigned to accommodate the defective mandrels. Figure 34 presents the adapted 
positioning system, with changes to the right-side support, increasing from an inside 
diameter of 16 mm to 18 mm.  
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Figure 34 - Detail of the adapted positioning system. 
NOTE 2: 
Due to the geometry intended for joint 2, the total length of its features exceeds the coil’s 
length by 1 mm. Not much importance was given to this since the non-overlapping area is 
limited to 0.5 mm on the edge radii of each extremity of the feature. It is expected that 
inertial forces will drag the tube portion unaffected by the magnetic pressure. A cut view 
featuring the overlapping is shown in Figure 35. 
 
Figure 35 - Cut view of the coil-groove overlapping area (SolidWorks). 
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4.2 Design of the Experiment 
Since little or no experiments such as these have been performed between a metal tube 
and a composite mandrel, preliminary tests were executed. These tests allowed to set 
maximum discharge energy to use to prevent damage to the composite. In this sense, two 
specimens of joint 2 were used in the EMPT joining process with 14 KV and 16 KV. Figure 36 
presents the end result of said tests. 
 
Figure 36 - Result of the preliminary test at 14 kV (top) and 16 kV (bottom). 
From a first analysis of Figure 36 the only apparent difference is the increased contact area 
at the deepest groove, visible through the appearance of a flatter deformed surface. This is 
consistent with previous experiments involving metal to metal form-fit joining with 
increasing energy levels already referred in the state of the art review [25, 31, 39, 42, 43, 
52]. 
Both joints were removed from the EMPT setup without any problems. however, after 
applying minimal force to the joint produced with 16 kV, the composite broke through the 
middle of the deepest groove (Figure 37). 
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Figure 37 - Broken joint produced at 16 kV. 
The other test specimen was cut along its revolution axis (Figure 38) in order to examine 
the integrity of the mandrel as well as the filling capacity of the joint produced at 14 kV. 
Through the analysis of Figure 39, no cracking or damage is visible. Complete filling of both 
grooves is achieved, the exception being the deeper groove’s bottom corners (Figure 40). 
 
Figure 38 - Scheme for the cut of the specimens. 
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Figure 39 - Test specimen produced at 14 kV after a longitudinal cut with no visible cracks and with almost 
complete filling of the cavity. 
 
Figure 40 - Detail of the groove region of the cut specimen. 
This preliminary test using just two specimens allowed to establish the maximum energy 
level to 15 KV. The other energy levels used are 12.5 KV and 14 KV. It is expected that these 
values will be enough to characterize the form-fit joining of metal and composite tubes, 
hence the design of the experiment can be laid out (Table 6). Considering the three energy 
levels chosen and the three joint designs proposed, a total of 9 possible combinations are 
manufactured and tested. In order to verify the repeatability of these tests, three samples 
are produced for each combination. One of them will be cut to visually analyze groove 
filling capabilities and damage while two others will be subjected to tensile tests. 
Table 6 - Design of experiments proposed to evaluate the EMPT form-fit joining. 
Voltage Design 1 Design 2 Design 3 
Level 1 
12.5 KV 
L1D1-1 L1D2-1 L1D3-1 
L1D1-2 L1D2-2 L1D3-2 
L1D1-3 L1D2-3 L1D3-3 
Level 2 
14 KV 
L2D1-1 L2D2-1 L2D3-1 
L2D1-2 L2D2-2 L2D3-2 
L2D1-3 L2D2-3 L2D3-3 
Level 3 
15 KV 
L3D1-1 L3D2-1 L3D3-1 
L3D1-2 L3D2-2 L3D3-2 
L3D1-3 L3D2-3 L3D3-3 
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Figure 41, Figure 42 and Figure 43 show the end result of the electromagnetic tube joining 
process for the three joint types proposed, with the energy level corresponding to 15 kV. 
They all appear to be in good condition as it is visible from the figures bellow. 
 
Figure 41 - Example of a form-fit joint for design 1. 
 
Figure 42 - Example of a form-fit joint for design 2. 
 
Figure 43 - Example of a form-fit joint for design 3. 
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4.3 Results 
4.3.1 Cross-Section Analysis 
In this section, the analysis of the cut specimens takes place. The first specimen from each 
of the energy-joint design combinations was selected and was cut along its revolution axis. 
Several specimens appeared broken after the cutting process even though they all seemed 
to be in good conditions prior to this operation. Afterwards, taking advantage of an optical 
microscope, photographs were taken for analysis. Figure 44, Figure 45 and Figure 47 
present the cut specimens’ microscope view with a 0.5x objective.  
The asymmetric tube deformation verified in several of these photographs is due to the 
nature of the coil used in the tests. Single turn coils (Figure 6) exhibit a gap so that the 
electric current can flow through it and around the workpiece. This material discontinuity 
implies that no magnetic fields are generated in that region and therefore there is no 
magnetic pressure [53].  
Energy 
levels 
7.5x zoom 30x zoom 
12.5 kV 
L1D1 
 
  
14 kV 
L2D1 
  
15 kV 
L3D1 
  
Figure 44 - Joint 1: microscope images of the groove's area with 7.5x zoom (on the left column) and detailed 
view of the top half-section with 30x zoom (on the right column) for the proposed energy levels. 
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The results for joint 1 present a single intact joint, formed with 12.5 kV. The tube does not 
touch the groove bottom (hence there is no complete filling) and no damage to the 
composite is visible. The other two specimens appear broken more or less in the middle of 
the groove. Similar damage is visible, although the fracture is more significant in the 15kV 
sample. The higher energy deformation presents damage to the groove edge radius region 
as well. 
Energy  
levels 
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Figure 45 - Joint 2: microscope images of the groove's area with 7.5x zoom (on the left column) and the 
detailed view of the top half section with 30x zoom, emphasizing the deeper groove (on the right column) for 
the proposed energy levels. 
Similarly to the analysis for joint 1, joint 2 produced with 12.5 kV is visually acceptable since 
neither excessive deformation in the tube nor cracking in the composite exist, although the 
tube barely touches the groove bottom. The specimens formed with the two other energy 
levels on the other hand, display different degrees of damage in the composite mandrel: 
the joint produced with 15 kV was fractured to the point of detachment; the one produced 
with 14 kV, although looking acceptable at first sight, presents composite cracking on the 
bump between the first and second grooves (Figure 46). 
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Figure 46 - Cracked region in joint L2D2. 
Energy  
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Figure 47 - Joint 3: microscope images of the groove's area with 7.5x zoom (on the left column) and the 
detailed view of the top half section with 30x zoom, emphasizing the deeper groove (on the right column) for 
the proposed energy levels. 
Joint 3 was the only design that did not appear completely fractured for any energy level of 
forming. However, the only specimen to appear perfectly intact after cutting is the one 
formed with the lowest energy level (12.5 kV). The other two joints present minimal 
cracking in the region between the two grooves (Figure 47) which may or may not influence 
the tensile performance of these joints. 
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For this joint design, a higher degree of deformation (thinning) of the tube is visible in the 
region where the axial groove’s edge radius is located (Figure 48). This is a zone where no 
concordance has been designed due to the manufacturer’s demands. 
 
Figure 48 - Detail of the most damaged region for joint L3D3. 
4.3.1.1 Discussion 
As for all mechanical tests procedures, deviations may occur in this analysis: the handling 
and cutting operations may have altered the joint’s characteristics after the joining process. 
Excessive feed force or cutting speeds may have increased minor superficial cracks until 
they reached the other side of the specimen, for example. Some of the cut specimens also 
show the presence of burrs and rough edges originated from the cutting process that make 
them harder to analyze. 
The fact that only one joint of each type was used for this evaluation does not allow to 
prove that all joint produced with each of the parameter combination will behave or look 
like the one selected for this analysis. 
Considering the results obtained from this microscopic analysis, several conclusions may be 
taken regarding the joints’ behaviour with increasing energy levels: 
 Increasing damage is visible with increasing energy level for all joints that are 
fractured; 
 Problems in the composite and not the tube; 
 The lowest energy level seems to be the most adequate in this experiment if we 
assume one single optimal pressure for all the joint designs, as it always provides 
acceptable groove filling and no damage; 
 Fracture always occurs in the zone where the highest impact velocity is located 
(deeper groove); 
 Joint 3 has an evident region that could use optimization. However, it was the only 
one that did not appear fractured through thickness in any of the specimens; 
 The fact that the three joints behave differently during forming may be due to the 
increased contact area originated from the double grooved features or to the 
increased deformation. 
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4.3.2 Tensile Tests 
In order to study the feasibility of electromagnetically formed joints between metal and 
composite tubes, two of each of the previously produced joints were tensile tested at a rate 
of 2 mm/min. The ASTM A370 standard for testing of steel products [54] was adapted in 
order to test the tensile behaviour of the joints in question. A servohidraulic testing 
machine was used, equipped with hydraulic clamps able to apply 100 bar of pressure for 
holding the cylindrical specimens. The joint was assembled to the testing machine as 
presented in Figure 49: the composite bar fixed to the lower clamp with a holding pressure 
of 100 bar (the maximum possible) and the aluminum tube to the upper side, with a 
holding pressure of 70 bar. In order to hold the hollow tube without compromising its 
integrity, a snug-fitting metal plug is inserted on that side as proposed in the previously 
mentioned ASTM standard (Figure 50). 
 
Figure 49 - Setup of the tensile testing. 
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Figure 50 - Snug-fitting metal plug inserted in the tube's ending [ASTM a370] [54]. 
In this chapter, the results obtained from the tensile tests of the joints will be presented 
and discussed. 
4.3.2.1 Joint 1 
4.3.2.1.1 12.5 kV 
Figure 51 presents the results obtained for the two samples of Joint 1 formed with 12.5 kV 
in the form of a load-displacement curve. 
 
Figure 51 - Load-displacement curves for joint L1D1. 
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The two specimens from this combination behaved similarly, as the joint failed because of 
localized deformation in the aluminum where it was previously formed into the rod’s 
groove (Figure 52). After the load peak, when the aluminum starts to yield, the two 
components start slipping. Residual resistance is still noticeable after a 6 mm displacement 
(around 6 kN) due to the force-fit mechanism. 
 
Figure 52 - Joints L1D1-2 (bottom) and L1D1-3 (top) after tensile testing. Notice the plastic deformation of the 
aluminum tube out of the groove. 
Table 7 presents the maximum loads achieved in the L1D1 joints tests and respective 
displacement. 
Table 7 - Maximum load and corresponding displacement for the L1D1 joints. 
Trial 
Max load  
(kN) 
Displacement at max load 
(mm) 
L1D1-2 12.872 1.464 
L1D1-3 12.608 1.664 
4.3.2.1.2 14 kV 
Figure 53 presents the results obtained for the two samples of Joint 1 formed with 14 kV in 
the form of a load-displacement curve. 
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Figure 53 - Load-displacement curves for joint L2D1. 
Unlike the first analysis, the two specimens exhibit distinct behaviors. The first specimen, 
L2D1-2, seems to have been already fractured before testing, reaching a maximum load of 
only 1.872 kN and maintaining residual resistance (again due to the force-fit mechanism’s 
contribution). On the other hand, the specimen L2D1-3 endured the test almost until 10 kN 
where it violently broke, evidencing the brittle characteristics of short glass fiber filled 
polymers. Table 8 presents the maximum loads achieved in the L2D1 joints and their 
respective displacements. 
Table 8 - Maximum load and corresponding displacement for the L2D1 joints. 
Trial 
Max load  
(kN) 
Displacement at max load 
(mm) 
L2D1-2 1.872 0.144 
L2D1-3 9.992 0.928 
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Figure 54 - Joints L2D1-2 (bottom) and L2D1-3 (top) after tensile testing. 
 
Figure 55 - Detail of the fracture surface for joints L2D1-2 (right) and L2D1-3 (left). 
When analyzing Joint 1 manufactured with 14 kV, it is possible to conclude that the 
composite rod may have been already damaged since the maximum load for joints L1D1 
(around 12 kN) was not reached. Less load than the necessary for mode 1 failure of the 
joint (deformation of the aluminum tube out of the groove) has caused composite fracture.  
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4.3.2.1.3 15 kV 
Figure 56 presents the results obtained for the two samples of Joint 1 formed with 15 kV in 
the form of a load-displacement curve. 
 
Figure 56 - Load-displacement curves for joint L3D1. 
Both specimens were broken in the beginning of the tests, providing minimal resistance 
(around 1 kN), suggesting that excessive energy was used. Table 9 presents the maximum 
loads achieved in the L3D1 joints and their respective displacements. 
 
Figure 57 - Joints L3D1-2 (bottom) and L3D1-3 (top) after tensile testing. 
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Table 9 - Maximum load and corresponding displacement for the L3D1 joints. 
Trial 
Max load  
(kN) 
Displacement at max load 
(mm) 
L3D1-2 1.248 0.096 
L3D1-3 0.848 0.052 
 
4.3.2.2 Joint 2 
4.3.2.2.1 12.5 kV 
Figure 58 presents the results obtained for the two samples of Joint 2 formed with 12.5 kV 
is the form of a load-displacement curve. 
 
 
Figure 58 - Load-displacement curves for joint L1D2. 
During the tensile testing of this joint, the apparent maximum load does not represent the 
actual failure of the joint: it is due to the inability of the setup to hold the composite side of 
the joint. Noticeable slippage started to occur when the load value started to decrease. The 
reason for this appears to be the lack of roughness on the composite’s surface. As the 
maximum holding force was already being applied, the tests could not be performed until 
the ultimate admissible load. However, the joint is resistant to loads of at least 14 kN. Tube 
yield starts to occurs for specimen L1D2-2 between 14 and16 kN, visible from the transition 
from a linear elastic behavior to the plastic regimen (Figure 58). Figure 59 shows these 
joints after the tensile tests were finished, without any visible damage. 
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Figure 59 - Joints L1D2-2 (bottom) and L1D2-3 (top) after tensile testing. 
Table 10 presents the maximum loads achieved in the L1D2 joints and their respective 
displacements. 
Table 10 - Maximum load and corresponding displacement for the L1D2 joints. 
Trial 
Max load  
(kN) 
Displacement at max load 
(mm) 
L1D2-2 17.360 2.388 
L1D2-3 14.280 1.612 
4.3.2.2.2 14 kV 
Figure 60 presents the results obtained for the two samples of Joint 2 formed with 14 kV in 
the form of a load-displacement curve. 
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Figure 60 - Load-displacement curves for joint L2D2. 
The same problem related to the slipping of the composite’s side occurs in joint type L2D2 
and therefore no failure load is possible to reach. However, force values above 13 kN are 
reached. 
Table 11 presents the maximum loads achieved in the L2D2 joints and their respective 
displacements. 
Table 11 - Maximum load and corresponding displacement for the L2D2 joints. 
Trial 
Max load  
(kN) 
Displacement at max load 
(mm) 
L2D2-2 14.920 1.416 
L2D2-3 13.328 1.212 
4.3.2.2.3 15 kV 
Figure 61 presents the results obtained for the two samples of Joint 2 formed with 15 kV in 
the form of a load-displacement curve. 
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Figure 61 - Load-displacement curves for joint L3D2. 
The first sample suffered from the same slippage problem before failure. The second one 
was already fractured since the assembly of the joint due to excessive magnetic pressure 
and did not exceed 2.248 kN after minimal displacement. For the other sample, the load 
reached 13.432 kN before sliding. The two specimens can be seen in Figure 62. 
 
Figure 62 - Joints L3D2-2 (bottom) and L3D2-3 (top) after tensile testing. 
Table 12 presents the maximum loads achieved in the L3D2 joints and their respective 
displacements. 
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Table 12 - Maximum load and corresponding displacement for the L3D2 joints. 
Trial 
Max load  
(kN) 
Displacement at max load 
(mm) 
L3D2-2 13.432 1.220 
L3D2-3 2.248 0.196 
4.3.2.3 Joint 3 
4.3.2.3.1 12.5 kV 
Figure 63 presents the results obtained for the two samples of Joint 3 formed with 12.5 kV 
in the form of a load-displacement curve. 
 
Figure 63 - Load-displacement curves for joint L1D3. 
Joint 3 formed with the lowest discharge energy suffered from the same failure mechanism 
as joint 1 for the same energy level: localized tube deformation out of the tube, followed by 
slippage, without composite damage. This failure mechanism is evidenced in Figure 64. 
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Figure 64 - Joints L1D3-2 (bottom) and L1D3-3 (top) after tensile testing. 
Table 13 presents the maximum loads achieved in the L1D3 joints and their respective 
displacements. 
Table 13 - Maximum load and corresponding displacement for the L1D3 joints. 
Trial 
Max load  
(kN) 
Displacement at max load 
(mm) 
L1D3-2 11.568 1.616 
L1D3-3 10.904 1.684 
4.3.2.3.2 14 kV 
Figure 65 presents the results obtained for the two samples of Joint 3 formed with 14 kV in 
the form of a load-displacement curve. 
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Figure 65 - Load-displacement curves for joint L2D3. 
Again, the machine is not able to hold the composite in place when loads above 10 kN are 
reached. However, it is possible to say that the failure load would exceed the maximum 
load measured from the tests if slippage did not occur. 
 
Figure 66 - Joints L2D3-2 (bottom) and L2D3-3 (top) after tensile testing. 
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Table 14 presents the maximum loads achieved in the L2D3 joints and their respective 
displacements. 
 
Table 14 - Maximum load and corresponding displacement for the L2D3 joints. 
Trial 
Max load  
(kN) 
Displacement at max load 
(mm) 
L2D3-2 11.112 1.168 
L2D3-3 12.712 1.416 
4.3.2.3.3 15 kV 
Figure 67 presents the results obtained for the two samples of Joint 3 formed with 15 kV is 
the form of a load-displacement curve. 
 
 
Figure 67 - Load-displacement curve for joint L3D3. 
The peak exhibited in Figure 67 is once more due to the unwanted relative movement 
between workpiece and holding system and not the load responsible for the failure of the 
joint itself. 
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Figure 68 - Joints L3D3-2 (bottom) and L3D3-3 (top) after tensile testing. 
Table 15 presents the maximum loads achieved in the L3D3 joints and their respective 
displacements. 
Table 15 - Maximum load and corresponding displacement for the L3D3 joints. 
Trial 
Max load  
(kN) 
Displacement at max load 
(mm) 
L3D3-2 10.784 0.976 
L3D3-3 11.256 0.972 
4.3.2.4 Discussion 
First of all, it is important to analyse the tensile behaviour of the joints’ constituents, since 
the connection’s resistance is expected to be lower than that of the weakest component. A 
calculation is performed using the formula for uniaxial normal stress: 
 
 
(4.1) 
 
When analysing the tube, with a proof stress of 250 MPa and outer and inner radii of 10 
and 9 mm respectively, this equation leads to: 
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When analysing the composite rod, with a tensile stress at break of 85 MPa and considering 
a minimum radius of 7.5 mm: 
 
 
These calculations allow to establish the maximum tensile load of approximately 15 kN for 
both the yield of the aluminum tube and the fracture of the composite rod. It is expected 
that this is the limit value for the admissible load before the joints’ failure. 
Although it was not possible to test the most resistant joints until fracture, which would 
enhance even further the understanding of the behaviour of metal-composite form-fit 
joints and would without a doubt complement this work, several conclusions can be taken 
for the set of experiments performed. The results for the tensile tests performed are 
summarized in Table 16 - Rearrangement of the tensile tests results with respective failure 
modes.. 
Table 16 - Rearrangement of the tensile tests results with respective failure modes. 
Energy Level Sample number Joint 1 Joint 2 Joint 3 
1 (12.5 kV) 
2 
Failure at 12 kN 
Mode 1 
≥ 17 kN 
Tube yield around 
15 kN 
Failure at 11 kN 
Mode 1 
3 
Failure at 12 kN 
Mode 1 
≥ 14 kN 
Failure at 10 kN 
Mode 1 
2 (14 kV) 
2 Broken ≥ 14 kN ≥ 11 kN 
3 
Failure at 9 kN 
Mode 2 
≥ 13 kN ≥ 12 kN 
3 (15 kV) 
2 Broken ≥ 13 kN ≥ 10 kN 
3 Broken Broken ≥ 11 kN 
For joint 1 formed with the two highest energy levels (14 and 15 kV), the joint appeared 
broken in the microscopical analysis, while the 12.5 kV joint did not appear completely 
filled. When comparing this data with the tensile tests performed in the joint 1 specimens, 
the same behaviour (fracture before the tensile test) occurs for the 14 and 15 kV, with the 
exception of one of the specimens formed with 14 kV that was able to endure almost 10 kN 
before breaking. For the lowest energy level, good correlation is found: in the tensile test, 
both samples failed at 12 kN, with a failure mode consistent with incomplete groove filling. 
It is thought that the optimal energy level to enhance this joint’s performance is located 
between 12.5 and 14 kV. 
For joint 2, the results obtained from the two tests match well as in the first case: the 
microscopic analysis indicates that no fracture occurs until the last energy level (15 kV). The 
tensile tests’ results follow that same trend, as only one of the specimens for the highest 
energy level was fractured right after the joining operation. The remaining samples were 
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able to withstand significant impact. This may be due to a higher amount of energy (in the 
form of the magnetic pressure) being dissipated in the form of plastic deformation, leaving 
a lesser portion for the impact. 
For joint 3, none of the tested joints (either through visual examination and tensile testing) 
fails in the composite mandrel. For the lowest energy level, both specimens used in the 
tensile tests failed through mode 1 (yield in the aluminum tube). The joints formed with the 
other two energy levels (14 and 15 kV) show no evident damage that would affect the 
joints tensile resistance. The tensile tests performed prove exactly that, as none of them 
fails before withstanding significant load. 
An increase in joint strength is visible when comparing joints 1 and 2 (the exclusively axial 
joints). When formed with 12.5 kV, the distribution of stresses mentioned in the state of 
the art chapter delays the mode 1 failure present in Joint 1, allowing it to resist at least a 
couple more kN (maybe more). It also provides increased resistance in terms of the joint 
formation, allowing for the use of the 14 kV pulse.  
When comparing the two single grooved joints, Joints 1 and 3, the first major difference is 
that none of the specimens from Joint 3 broke during the joint formation and they were all 
able to withstand at least 10 kN, while the specimens formed with 14 and 15 kV for joint 1 
were either completely fractured or at least damaged. However, the joints formed with 
12.5 kV show significant resemblance, failing through the same failure mode at identical 
loads.  
Variations in the results for the same joint types can also be explained through several 
factors which may be due to the tensile test itself as well as with the joint creation process 
or the machining steps that took place prior to the assembly. Said factors can be 
summarized as: 
 Residual/concentrated stresses or damage originating from the machining 
processes that the composite rod endured; 
 Residual stresses or cracking originating from the EMPT joining processes; 
 Errors in the tensile testing procedure/equipment: uncalibrated machines, incorrect 
specimen placement, workpiece misalignments, or differences between samples 
(surface roughness, for example) may potentialize the existence of pre-loads, 
turning an uni-axial tensile test into a different kind of solicitation, which may lead 
to a loss in material behaviour repeatability. 
The cutting process can also influence the joints characteristics, as minimal surface cracking 
may have expanded due to the process parameters (cutting speed and feed force). 
4.4 Summary and Outlook 
This chapter is focused on the experimental component of this dissertation. After the joint 
design process, a review on the materials being used in the experiments as well as on the 
EMPT machine’s properties is performed. Preliminary tests executed allowed to estimate a 
critical forming energy for the composite rod’s fracture. The experimental work consists on 
the manufacture of form-fit connections using three joint designs and three forming 
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energies. A total of twenty-seven specimens were produced (three samples of each joint 
type – energy level combination) in order to prove repeatability of the process. The 
manufactured joints are then evaluated through tensile tests and the analysis of micro-cuts. 
The results are presented in this chapter along with the main conclusions, which can be 
summarized as: 
 Although the tests could not be performed until the rupture of the joint, the 
achieved forces are in the order of 10 to 20 kN; 
 Joints 2 and 3 are able to resist to higher energy levels than joint 1. This is probably 
due to the increased tube deformation or contact area compared to joint 1; 
 Experiments prove the increased load resisting ability of the double grooved design, 
when compared to the single grooved design. When formed with 12.5 kV, the 
distribution of stresses mentioned in the state of the art chapter delays the mode 1 
failure present in Joint 1, allowing it to resist at least a couple more kN; 
 Single grooved joints manufactured with low forming energies tend not to be 
properly filled and to fail by plastic deformation on the aluminum tube; 
 When comparing the results from the tensile tests with the pictures obtained using 
the microscope, a good correlation can be found for all the joint type – energy level 
combinations.  
All the results presented in this chapter have proven the viability of the EMPT in the 
joining process of metal and composite tubes. Although the resisting joints could not be 
tested until failure, the achieved forces are in the order of 10 to 20 kN. 
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5 NUMERICAL MODELLING OF 
EMPT JOINING 
Numerical simulations provide a unique way of understanding the physics involved in most 
forming processes. They allow to predict necessary parameters for the process as well as to 
optimize them. The numerical modelling of the EMPT is extremely difficult due to the 
interaction of electromagnetic, thermal and mechanical effects [52], as represented in 
Figure 69 - Interactions between the electromagnetic, mechanical and thermal problems 
[55].. A common simplification is the omission of thermal phenomena, which is known as 
the least influencing between the three. 
 
Figure 69 - Interactions between the electromagnetic, mechanical and thermal problems [55]. 
There are three approaches when simulating the EMPT: 
 Non-coupled approach: this is the simplest approach, as it solves the 
electromagnetic and mechanical problems independently, incorrectly describing 
the problem. Maxwell’s equations for the electromagnetic field are solved without 
taking the workpiece velocity and deformation into account. The acting pressure is 
then estimated and used in order to solve the mechanical problem. Although it is 
not the most accurate approach, it provides satisfying results with the best 
computational times [52]; 
 Loosely-coupled approach: in each step of the simulation, the electromagnetic 
pressure is calculated and fed as input into the mechanical problem. As that step’s 
deformation is calculated and the workpiece is updated, it is sent back to the 
electromagnetic model to calculate the pressure distribution in the next step. This 
process is repeated iteratively until the end of the process time has been reached. 
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It provides accurate results with weak computational times as at each step, the 
forces are calculated based on the previous step’s workpiece geometry [52]. As the 
electromagnetic part of the system is influenced by the spatio-temporal evolution 
of the deformation of the workpiece, recent efforts have been done to simulate 
these complex coupled methods [56]; 
 Fully-coupled approach: in each step of the simulation, the effects of 
electromagnetic, mechanical, and thermal fields are calculated through a complex 
set of electromagnetic-mechanical equations. It is without a doubt the most 
complex approach and the one that requires the highest computation times, being 
similar to the loosely-coupled approach [52].  
5.1 Review on EMPT Modelling and Simulations 
In [57], ABAQUS is used to simulate the electromagnetic joining of aluminum tubes. In this 
simulation, the dependency between workpiece geometry and the solution of the 
electromagnetic problem at each time step was implemented (loosely-coupled algorithm) 
without, however, taking thermal effects into consideration. The finite element model is 
axisymmetric and composed by the die (assumed rigid) and the tube (with wire elements) 
and the pressure application is performed through a subroutine written in FORTRAN. The 
Johnson-Cook material model is used for the AL110-H12 aluminum tube due to the high 
strain rate and a Coulomb friction coefficient of 0.15 was implemented [57]. 
In [58] a simulation of an uncoupled electromagnetic tube expansion against a mold was 
performed using ABAQUS and compared to experimental tests. The mold is considered rigid 
and the tube is modelled as a shell due to a diameter to thickness ratio of 47. The material 
properties used refer to Al 7075. For the simulation of contact, the penalty method is used 
with a coefficient of friction of 0.15. The pressure applied in the inner walls of the tube is 
obtained through external calculations and then used as input in the ABAQUS deformation 
analysis. A good agreement is found between experimental tests and the finite element 
results [58]. 
Nassiri et al. [59] also take advantage of ABAQUS to numerically simulate the 
electromagnetic tube forming process. Their 2D axisymmetric model (Figure 70) followed 
the analytical model previously executed in [53] and its boundary conditions were 
consistent with the experimental tests performed. However, thermal effects were not 
taken into account. They find a good agreement when comparing the analytical and FE 
simulation pressure distributions, workpiece radial deformation and velocity. 
Chap. 5 NUMERICAL MODELLING OF EMPT JOINING 61 
 
Figure 70 - Scheme of the FEA model performed by Nassiri et al. [59]. 
In [52], the three main EMPT operations are simulated: metal sheet buldging, tube 
expansion and compression. Each model is compared to experimental data for validation. 
Extensive analysis is then performed regarding the influence of process parameters. The 
springback mechanism is also focus of examination, comparing the EMPT with the deep-
drawing process, evidencing the reduced plastic restoration in high speed deformation 
processes. 
Karch and Roll [60] take advantage of ANSYS to model the electromagnetic tube forming 
with a fully coupled approach, including thermal effects due to Joule heating in the 
workpiece. The Johnson-Cook material model is once more used for the aluminum tube. 
The electromagnetic field, temperature, stress and deformation are calculated using this 
model and acceptable results are obtained when compared to experimental data obtained 
from the University of Dortmund [60]. 
In [55], a fully coupled 3D numerical model for the electromagnetic forming process is 
developed, ignoring thermal effects. A combination of two softwares is used, SYSMAGNA 
(useful for solving the electromagnetic part of the problem) and PAMSTAMP (dedicated to 
stamping process simulations. The Johnson-Cook law is used to govern the plastic 
behaviour of aluminum tubes and metal plates due to the need to include high strain rate 
effects. A good correlation is verified when comparing simulation results with experimental 
tests. Figure 71 provides data regarding tube diameter reduction in EMPT tube 
compression from the work developed by Conraux et al. [55].  
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Figure 71 - Comparison between simulation and experimental data developed by Conraux et al. regarding 
EMPT tube compression  [55]. 
5.2 Creation of the Form-Fit Joining Model 
In this sub-chapter, the process for the development of the FE model for the EMPT joining 
of metal-composite tubes is presented. Thermal effects are not considered and a non-
coupled approach is used, dividing the process into two distinct problems: the 
electromagnetic and the mechanical problems. As explained before, the non-coupled 
approach ignores the relation between pressure evolution and the shape of the workpiece 
and solves the mechanical problem in a single step, using data from the solution of the 
electromagnetic model as input. It is intended that this model provides a suitable 
methodology for the optimization of the form-fit joining process by EMPT. 
5.2.1 Assumptions 
In order to simplify the complex EMPT process, several assumptions are made: 
 Considering the axisymmetric of the aluminum tube and the fact that the coil can 
be modelled by a coaxial single turn loop, an axisymmetric configuration for the 
numerical solution to the electromagnetic problem has been used for both 
workpiece and coil. Assuming this boundary condition, the magnetic field and the 
corresponding magnetic pressure that acts on the tube, does not vary in the 
circumferential direction. This assumption implies the use of a cylindrical 
coordinate system for the problem and, so, the computed magnetic field, Lorentz 
force and Eddy current have only radial and axial components [52, 61]; 
 The workpiece’s permeability, that accounts for the ease in the induction of a 
magnetic field  due to the presence of an external electrical field , is assumed to 
be very close to the vacuum permeability,  ( ); 
 Temperature is assumed constant and thermal effects are neglected. No significant 
changes in the electrical properties of the material due to temperature rise are 
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considered because of the short time for the heat transfer to occur. In practical 
situations and considering repeated shots, temperature rise may be significant and 
may influence process repeatability; 
 The mutual inductance between coil and tube is considered constant during the 
entire process in account of the process’ speed; 
 As the process occurs in an extremely short time period, it is considered that the 
workpiece’s velocity has no influence on the magnetic field. Therefore, the 
electromagnetic model can be described using the quasi-static Maxwell’s equations 
[62]. 
5.2.2 The Electromagnetic Model 
Numerical simulations were performed using the FEMM [63] software in order to obtain 
the solution for the electromagnetic problem. The simulation describes the electromagnetic 
tube compression process. The simplification related to the axisymmetric property of the 
workpiece allows the reduction of computational time and renders the geometrical 
parameters as Figure 72 presents. 
 
Figure 72 - Geometry input for the electromagnetic simulation in FEMM. 
The simulations performed try to replicate the experimental procedure presented in the 
previous chapter. However, in order to consider the model as axisymmetric, the region of 
the coil where the gap is located in neither represented nor considered for the calculations. 
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Only doing so allows for the axisymmetric definition of the problem. The material and 
geometric properties used in the simulation are presented in Table 17. 
Table 17 - Material, machine and geometric properties used in the FEMM simulation. 
Workpiece 
Material Aluminum AW 6082 
Electrical 
conductivity 
σW 36 MS/m 
Thickness t 1 mm 
Outer diameter d 20 mm 
Coil 
Material Steel 40 CrMnNiMo 7 
Electrical 
conductivity 
σC 2 MS/m 
Gap g 0.71 mm 
Air 
Electrical 
conductivity 
σair 0 MS/m 
Magnetic 
permeability 
μ0  H/m 
EMPT Machine 
Capacitance C 40 μF 
Total inductance Lt 2.86 μH 
Total resistance Rt 28.5 mΩ 
Charging voltage V0 2 kV 
Solving the electromagnetic problem also requires the definition of the machine’s discharge 
curve, , specifically the values for the maximum current and its frequency. These 
parameters can be analytically calculated using the equations bellow: 
 
 
(5.1) 
 
 
(5.2) 
 
 
(5.3) 
 
 
(5.4) 
 
Where  is the maximum current,  is the current frequency,  is the wave damping factor 
and ,  and  are, respectively, the circuit’s charging voltage, capacitance, and total 
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inductance. The skin depth, representing the penetration of the “eddy current” into the 
workpiece can also be defined: 
 
 
 
(5.5) 
 
Where  is the workpiece’s electrical resistivity [52]. The discharge current’s curve is 
presented in Figure 73.  
 
Figure 73 - Current curves calculated using the machine parameters referred above. 
Through the analysis of Figure 73, the maximum values for the current for each of the 
energy levels as well its frequency can be obtained for further calculations. 
For the numerical simulation of the electromagnetic problem through the FEMM software, 
several steps have been performed in order to describe and optimize the problem (Figure 
74).  
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Figure 74 - Flowchart of the modelling steps in FEMM [51]. 
Using the geometrical parameters and process conditions, the model was implemented in 
the FEMM software [63]. A view of the electromagnetic model is shown in Figure 75. 
An axisymmetric boundary condition is imposed. The outer cylindrical boundary is defined 
far away from the assembly in order to assure that the magnitude of the magnetic vector 
potential can be considered near zero in the boundary line. The properties of this region 
are the same as vacuum.  
 
Figure 75 - Screen-shot of the FEMM model. 
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Model discretization was performed with triangular elements, using a total of 11535 nodes 
and 22795 elements. Elements of different sizes are used with increased element density 
near the coil and workpiece area as shown in Figure 75, in order to provide accurate results 
in the main area of interest without influencing the computational time. 
After the mesh definition, the problem was solved using the finite element method. The 
outputs of the FEMM software [63] retrieved from the simulation were the magnetic field 
density distribution, with its corresponding axial ( ) and radial ( ) components, as well as 
the source and induced Eddy current density ( ). Figure 76 presents an example of the 
magnetic field density distribution, for the case of a 12.5 kV discharge. 
 
 
Figure 76 - Magnetic field density for a 12.5 kV discharge. 
By analyzing the magnetic field density distribution, a concentration of the magnetic field is 
clearly visible in the region where the tube and coil are closer. 
The radial and axial Lorentz force components can be calculated from the equations: 
 
 (5.6) 
 
 (5.7) 
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The magnetic pressure components in the radial and axial directions (  and ) are 
calculated through the integration of the Lorentz force in the radial ( ) and axial ( ) 
directions as well, along the thickness of the workpiece: 
 
 
(5.8) 
 
 
(5.9) 
Where  and  represent the magnetic field’s radial and axial components, and  the 
circumferential component of the induced current [51]. 
Using the circuit parameters previously depicted, the FEMM software calculates the 
magnetic field density and circumferential eddy current. The magnetic pressure is then 
calculated in the post-processing step. Figure 77 presents the magnetic pressure evolution 
along the length of the tube for the three energy levels tested. 
 
Figure 77 - Magnetic pressure distribution along the tube length for the three energy levels. 
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5.2.3 The Mechanical Model 
The Abaqus software allows the modelling of distinct processes using two fundamental 
methods of formulating the problem and time integration. For simpler, quasi-static 
problems, the static implicit method is usually applied. The dynamic explicit modelling 
strategy show particular use for solving problems involving more complex contact and 
sliding conditions, greater element deformations, and when non-linear material behaviour 
is dealt with. Considering that the EMPT process takes place at high speeds and that inertial 
effects cannot be disregarded [6, 8, 52], a dynamic approach is the obvious path to model 
the mechanical problem.  
In order to input the non-uniform and time dependent electromagnetic pressure 
characteristic for the EMPT processes that is calculated using the FEMM software [63], a 
user-defined subroutine was implemented. A VDLOAD allows the definition of the variation 
of a distributed load as a function of position, time, velocity, etc. for a group of points [64]. 
Both the aluminum tube and composite mandrel are modelled as shell parts in order to 
reduce the number of elements and to be able to implement the Hashin damage model for 
composites. The mechanical properties used to define the tube in the mechanical model 
relate to a generic aluminum alloy and not specifically to the alloy used in the experiments 
and are listed in Table 18 and Table 19. 
Table 18 - Density and elastic properties for the aluminum tube [65]. 
Density (ton/mm2) Young’s Modulus (GPa) Poisson’s Ratio 
2.7 e-9 70 0.3 
 
Table 19 - Johnson-Cook plastic properties for the aluminum tube [65]. 
A(MPa) B (MPa) n m 
Melting 
Temp (°C) 
Transition 
Temp (°C) 
265 426 0.3 1 600 23 
The material model for the composite rod was harder to implement, due to the complex 
microstructure and mechanical behaviour of fiber filled polymers. The Hashin model for 
long fiber reinforced laminates was used due to the lack of a better suiting model for the 
type of materials being tested.  
The properties used for the composite are shown in Table 20. 
Table 20 - Density, elastic and Hashin damage properties used in the composite modelling. 
Density [ton/mm2] 1.635 e-9 Longitudinal Tensile Strength [MPa] 1500 
E1 [MPa] 140000 Longitudinal Compressive Strength [MPa] 1200 
E2 [MPa] 10000 Transverse Tensile Strength [MPa] 50 
Nu12 0.3 Transverse Compressive Strength [MPa] 250 
G12 [MPa] 5000 Longitudinal Shear Strength [MPa] 70 
G13 [MPa] 5000 Transverse Shear Strength [MPa] 70 
G23 [MPa] 5000 - - 
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A single step is used for the FE simulation. The step time chosen was 350 µs which includes 
the application of the electromagnetic force (which has a peak around 10 µs as well as 
some time for the springback and stabilization of the deformed tube wall to occur. 
General contact was defined between the outer mandrel’s surface and the node region 
defined by the aluminum tube. Tangential frictionless behaviour was selected for contact 
definition. 
The pressure is applied through the use of a VDLOAD which imports the load data from the 
electromagnetic solver. The area for the application of pressure is partioned and is 12 mm 
long like in the experimental setup. Boundary conditions define the tube’s endings as an 
encastre. 
The mandrel and tube are meshed using shell S4R quad elements with minimized mesh 
transition. The element size chosen for the tube was 0.2 mm. For the mandrel, different 
element sizes were used because of the varying level of detail present. Joint 1 was not 
modelled because of its similarities with Joint 2. 
The objective of this numerical model is to provide a fast and accurate prediction of the 
EMPT tube joining process in order to easily design, implement and optimize form-fit tube 
joints between metallic and composite materials. The desired outputs for evaluation 
included at first: 
 Nodal displacement in the tube, to evaluate the radial reduction; 
 Thinning of the tube wall, to assess the critical regions of the tube; 
 Mandrel damage, to define critical energy. 
Because of certain of the model’s characteristics, the relevant outputs were reduced to the 
nodal displacements: 
 Due to the use of shell elements, thinning in the tube cannot be evaluated. On the 
other hand, a significant reduction in computational time allows to complete a 
simulation in less than an hour; 
 The inability to create a complete material model for the composite that included 
not only the elastic properties but also brittle damage would allow to obtain 
conclusions regarding the rod’s fracture often encountered in the experimental 
procedure for higher voltage. 
5.3 Results for the FE Simulation 
This sub-chapter presents the results obtained from the FE simulations regarding the nodal 
displacements along the tube length and groove filling. 
5.3.1 Diameter Reduction 
Results for the magnitude of displacement calculated using the Abaqus model developed 
are presented here for joints 2 and 3 and all energy levels (12.5, 14 and 15 kV) for later 
comparison with measurements from the obtained samples. Figure 78 and 79 present the 
node sets chosen for the analysis for both the tube and the target for each of the joints.  
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Figure 78 - Node sets chosen for the target for joints 2 and 3. 
 
 
Figure 79 - Representation of the node set chosen for the tube analysis. 
The last frame of the simulations for joints 2 and 3, displaying the displacement output is 
presented in Figure 80 and Figure 81.  
Chap. 5 Results for the FE Simulation 72 
12.5 kV 
 
14 kV 
 
15 kV 
 
Figure 80 - Final frame of Joint 2's simulation with plot contours representing displacement (magnitude). 
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12.5 kV 
 
14 kV 
 
15 kV 
 
Figure 81 - Final frame of Joint 3's simulation with plot contours representing displacement (magnitude). 
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The graphics presented in Figure 82, Figure 83 and Figure 84 present the evolution of the 
tube’s radius along a line of nodes through the length of the tube for Joint 2. The target 
geometry is also represented and it refers to the composite mandrel’s geometry in the 
beginning of the simulation (frame 0).  
 
Figure 82 - Evolution of the radius for the full length of the sample for different energy levels in Joint 2. 
 
Figure 83 - Zoomed evolution of the radius for the samples in Joint 2.
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Table 21 - Minimum radius detected in the simulation at each groove for the different energy levels (Joint 2). 
Discharge energy Groove 1 (shallow) Groove 2 (deep) 
12.5 kV 8.26 mm 6.97 mm 
14 kV 8.06 mm 6.97 mm 
15 kV 7.96 mm 6.96 mm 
The results presented in Table 21 relate to the minimum radius values calculated for each 
of the grooves. Through the analysis of the final frame of the simulation, it is visible that 
although the deeper joint presents adequate groove filling for all discharge energies, the 
same does not occur for the shallower groove.  
Another relevant aspect has been found regarding the groove filling in the simulation: when 
complete groove filling is achieved, the tube tends to rebound, as it shown in Figure 84. 
This rebound increases with increasing forming energy. 
 
Figure 84 - Nodal distribution emphasizing the rebound phenomena occurring in the simulation. 
A review regarding the rebound effect in the EMPT has shown that this is a common effect, 
both in simulations and experimental work. It usually occurs when the impact energy and 
velocity are excessive [66, 67]. When the workpiece contacts the die, a part of the kinetic 
energy is dissipated in the form of plastic deformation. If there is energy excess that is not 
dissipated, then the rebound effect occurs [67]. 
Due to the implementation of a non-coupled approach, and since the electromagnetic force 
decays with increasing distance between coil and workpiece, the acting force is usually 
overestimated [68]. This results in a more violent collision than the experimental work that 
may also account for the rebound.  
Chap. 5 Results for the FE Simulation 76 
The same analysis is performed for Joint 3. The evolution of the tube radius is presented in 
Figure 85 through Figure 88. 
Table 22 presents the minimum radius values calculated for each of the grooves. Adequate 
groove filling is observed for all discharge energies. 
 
Figure 85 - Evolution of the radius for the full length of the sample for different energy levels in Joint 3. 
 
Figure 86 - Detail of the evolution of the radius with the length of the sample for different energy levels in 
Joint 3. 
The same rebound effect observed for Joint 2 occurs, but it is located in the torque groove. 
The detail of both regions is presented in Figure 87 and Figure 88. 
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Figure 87 - Detail of the evolution of the radius with the length of the sample for different energy levels in 
Joint 3 (torque groove). 
 
Figure 88 - Detail of the evolution of the radius with the length of the sample for different energy levels in 
Joint 3 (radial groove). 
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Table 22 - Minimum radius detected in the simulation at each groove for the different energy levels (Joint 3). 
Discharge energy Groove 1 (axial) Groove 2 (torque) 
12.5 kV 7.46 mm 7.52 mm 
14 kV 7.46 mm 7.48 mm  
15 kV 7.46 mm 7.50 mm 
 
5.4 Discussion and Conclusions 
In order to validate the EMPT joining FE model developed, displacements measured from 
the physical samples are compared to the results obtained from the numerical simulations. 
In order to compare the outer tube diameter measured from the samples with the shell 
surface’s displacement, representing the inner tube wall, it is assumed that minimal tube 
thinning occurs in that region, maintaining its 1 mm thickness.  
Table 23 and Table 24 present the minimum diameters measured for the samples produced 
at each of the energy levels for Joint 2 and 3 respectively, and the results obtained from the 
numerical simulations.  
Table 23 - Numerical and experimental values for the minimum external diameter in the tube for joint 2. 
Discharge 
energy 
Numerical (mm) Experimental (mm) Error (%) 
G1 G2 G1 G2 G1 G2 
12.5 kV 15,94 18,52 16,6 18,2 3,97 1,75 
14 kV 15,94 18,12 15,9 18 0,25 0,66 
15 kV 15,92 17,92 15,7 17,9 1,40 0,11 
Table 24 - Numerical and experimental values for the minimum external diameter in the tube for joint 3. 
Discharge energy Numerical (mm) Experimental (mm) Error (%) 
12.5 kV 16,92 17,2 1,62 
14 kV 16,92 17,3 2,19 
15 kV 16,92 17 0,47 
A good agreement is found when comparing the numerical and experimental results in 
terms of the minimal diameters at each of the grooves.  
A visual analysis was also performed in order to evaluate the model’s accuracy. Figure 89 
through Figure 94 provide a close-up comparison between the simulation and the micro-
cuts performed in the experimental analysis. Note that, in some of the micro-cuts, the 
tube’s surfaces are not very clear due to appearance of burrs and rough edges due to the 
cutting operation. 
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Figure 89 - Comparison between the numerical simulation ant the cut views for Joint 2 formed with 12.5 kV. 
Figure 89 presents close-ups of the grooves for Joint 2 formed with 12.5 kV. The narrower 
groove reveals differences, since the simulation predicts that the tube will not reach the 
groove bottom while in reality it does. When analyzing the deeper groove however, 
similarities regarding groove filling are clearly visible. Both images show that the tube 
reaches the bottom and the void on the left side is slightly larger as exhibited on the micro-
cut. 
 
 
Figure 90 - Comparison between the numerical simulation and the cut-views for Joint 2 formed with 14 kV. 
When comparing the simulations with the experimental results for the 14 kV discharge, an 
increased resemblance is found in the shallower groove, as it is visible in Figure 90. For the 
deeper groove, however, a higher degree of deformation and groove filling is present in the 
simulations: there is a bigger contact area and smaller voids than in the experimental 
micro-cut. 
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Figure 91 - Comparison between the numerical simulation and the cut views for Joint 2 formed with 15 kV. 
In the case of Joint 2 formed with 15 kV, the shallow groove presents similar groove filling 
on both the simulation and micro-cut. For this energy level, the simulation presents the 
previously described variation when the displacement results were presented. As it is 
visible in the micro-cut, the composite mandrel has fractured both on the deeper groove’s 
bottom as well as on the separation between both grooves. Although this behaviour was 
not replicated, and increased tube deformation is clearly visible. 
The same type of analysis is performed for joint 3. Shell thickness was not displayed since it 
affected the model’s visualization and characterization.  
 
 
Figure 92 - Comparison between the numerical simulation ant the cut views for Joint 3 formed with 12.5 kV. 
When analyzing Joint 3 formed with 12.5 kV (Figure 92), a good approximation is achieved, 
especially on the radial groove (left): this zone features similar groove filling and 
deformation in both the micro-cut and simulation. On the torque groove (right side), 
increased deformation is visible in the micro-cut. This is due to the fact that deformation 
through thickness is not represented with the use of shell elements. This allows to show 
localized deformations and an improved filling of the torque groove for all energies. 
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Figure 93 - Comparison between the numerical and the cut-view for Joint 3 formed with 14 kV. 
Good approximation in terms of groove filling are observed in Figure 93 for both grooves, 
although the same problems existing in are exhibited: localized tube deformation (shearing) 
is not visible in the simulation, and is responsible for the differences in voids. 
 
 
Figure 94 - Comparison between the numerical simulation and the cut-view for Joint 3 formed with 15 kV. 
When analyzing Figure 94, although localized deformation on the right side of the 
separation between grooves present in the micro-cut was not represented in the 
simulation, it is quite like the experiments. Besides that, both grooves show very similar 
groove filling when compared with the physical specimen.  
The comparisons between the simulation results and the micro-cuts suggest that in terms 
of displacements, a valid model has been developed. Although some of the features 
exhibited in the micro-cuts, such as thinning and composite damage are not modelled, 
moderately accurate results can be obtained in terms of the groove filling. 
5.5 Summary and Outlook 
In this chapter, a finite element model is developed with the objective to replicate the joint 
creation process by EMPT tube compression in order to allow fast and accurate predictions 
for tube joining operations by EMPT. After a review regarding the most common 
techniques to model the tube joining process, the simulation is divided into two main 
problems: the electromagnetic component, solved using the FEMM software taking into 
consideration the geometry of the setup, the machine’s characteristics and the tube’s 
electrical properties; the mechanical component, solved using the Abaqus software and 
includes the tube and rod’s mechanical properties as well as the magnetic pressure 
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calculated from the previous step. An uncoupled approach and the use of shell elements in 
the mechanical simulation allow reduction in computational time. The model is then 
compared with the experimental results obtained for validation.  
First, a comparison between the minimal radii at each groove on both the simulation and 
the experiments has been performed. The values obtained are in the same order of 
magnitude, providing errors under 4% for the tested specimens  
A visual analysis was also performed, comparing the geometries obtained from the 
simulations with the micro-cuts. Although there are some visible differences between 
them, a clear evolution in tube deformation with increasing forming energy is verified.  
Both the visual resemblances between the developed model and the micro-cuts as well as 
the analysis of the nodal coordinates allow to conclude that acceptable results can be 
obtained from the numerical model, making it possible to predict the behaviour of the 
aluminum tube in the joining process for tubular workpieces. Further improvement to the 
model, more precisely in the composite’s material model and in the interaction between 
the two workpieces, may make it possible to predict not only the tube’s behaviour, but the 
composite rod’s as well, allowing for a more accurate prediction of the critical pressure at 
which it breaks. 
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6 CONCLUSIONS 
6.1 Conclusions 
The production of lighter frames and more efficient structures is possible due to 
combination of different types of materials with specific properties. However, one of the 
main difficulties in the creation of such structures relates to the ability to join them. 
Conventional methods, such as mechanical fastening or the use of adhesives already allow 
the design this type of structures; however, they feature specific limitations, such as the 
material addition and weight increase in the case of mechanical fastening, or the 
requirement for surface preparation and inability to disassemble the joint without its 
destruction, in the case of adhesive bonding. The EMPT provides a unique way to join 
similar or dissimilar materials while overcoming the conventional methods’ flaws. The work 
developed in this thesis intends to present experimental results in order to investigate the 
viability of the form-fit joining process between tubular metal-composite workpieces.  
In order to study the applicability of the EMPT in the joining process of composite to metal 
tubes, a set of three joints was designed to withstand both axial and torque solicitations. 
After the joint creation, using three different discharge energies, the specimens were 
analyzed using micro-cuts and tensile tests. Joint behaviour for different energy levels was 
evaluated and the following conclusions can be taken regarding the experimental analysis: 
 Although the connections could not be tested until rupture, the achieved forces are 
in the order of 10 to 20 kN. 
 The improved geometry, using two axial grooves instead of a single groove, allows 
for a better distribution of stress when solicited and withstands higher loads. 
 The geometry of the grooves appears to be critical to prevent composite fracture 
and to create a successful joint creation. The differences in the behaviour of the 
three designs may be due to the increased contact area originated from the double 
grooved features or to the increased tube deformation, since both factors increase 
from joint 1 to joint 3. 
 Good correlation has been found between the results from the tensile tests and the 
micro-cut analysis. Joints that showed inadequate groove filling, corresponding to 
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the lowest energy level, tend to fail through Mode 1 (deformation of the aluminum 
tube out of the groove). On the other hand, most of the joints that appeared 
fractured in the micro-cuts displayed a behaviour consistent with a broken sample. 
The creation of a numerical model was considered useful for the prediction of process 
outputs and for further optimization of electromagnetic tube joining technique. The most 
influencing phenomena were considered, dividing the process into the electromagnetic and 
the mechanical components. A non-coupled approach to the problem was implemented. 
Maxwell’s magnetostatic equations are used to describe the electromagnetic problem and 
solved using the electrical and magnetic FE software FEMM, and the magnetic pressure due 
to Lorentz forces is calculated. The magnetic pressure distribution is then used as input the 
Abaqus 3D mechanical model in order to compute the tube deformation. Numerical 
simulations are performed using the machine and material parameters that replicate the 
experimental procedure performed. Nodal displacements were analyzed to study the 
evolution of the tube’s radius along its length and were compared with measurements 
made on the physical joint specimens. A visual analysis was also performed, comparing the 
micro-cuts and the simulation’s last frame in order to validate the model in terms of groove 
filling and general appearance. A good correlation has been found between the 
experimental and numerical results, indicating the validity of the developed model, and 
possible optimization of the joint design process.  
Taking advantage of the work developed in this thesis, it is concluded that the EMPT is a 
suitable process for the form-fit joining of metal and composite tubular workpieces. When 
adequate energy is used in the discharge (meaning that the electromagnetic pressure is 
neither high enough for the immediate breaking of the composite rod, nor too low that the 
metal tube is not formed into the groove), and when the geometrical groove parameters 
are properly calculated and optimized, viable, resistant joints can be created. 
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6.2 Future Work 
The execution of this document lead to the interest in further studying the electromagnetic 
pulse technology and its applications. Some topics that showed relevance to this subject 
were not included either due to the lack of resources or the lack of time to execute such 
operations.  
 Parameters other than the magnetic pulse intensity can be tested in order to better 
assess the applicability of this technology to the creation of form-fit joints between 
dissimilar materials. These parameters include groove dimensions, the number of 
axial grooves in the case of torque joints and the use of other material 
combinations that could be parametrically tested in order to discover the optimal 
parameter combinations. 
 
 Two more joints were designed but were not studied in this thesis due to the lack of 
equipment for torsion tests. These joints, now presented as joints 4 and 5, featured 
grooves for torque resistance. 
 
o Joint 4 was designed to withstand torsional forces exclusively. It was based 
from the work developed in [34] and it would be useful as a comparison 
between the effectiveness of single purpose joints (resistant to either axial 
or toque solicitations) or multi-purpose joints (resistant to both 
solicitations) along with joint 1. 
 
o Joint 5 followed the idea of joint 3 in the way that it is designed to resist to 
both axial and torsional forces. The difference is that the radial gap is 
positioned in the center of the effective area of the coil used in the 
experimental tests instead of having both groove types separated.  
 
Figure 95 - Joint design 4 (from SolidWorks). 
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Figure 96 - Joint design 5 (from SolidWorks). 
 Due to sliding between the support system and the composite rod, the complete 
behaviour could not be studied from the beginning of the tensile tests until the 
rupture of the joint. The repetition of these tests with could improve joint 
characterization. Changes in the rod’s roughness or in the support system could 
allow to obtain the load responsible for the joints’ mode 2 failure. Such changes 
may include the use of clamps with threaded surfaces to improve the interlock.  
 Although the FE model developed provided rather accurate predictions in terms of 
groove filling, several improvements could be performed in the mechanical model. 
These include better tube and rod’s material models that accurately describe the 
high-velocity deformations, impact and fracture behaviors. The use of 3D solid 
elements for the tube definition would also be interesting since it would allow for 
the analysis of tube thinning and localized deformation. 
 The simulation of the joints’ tensile tests may also be a useful for the prediction of 
their tensile behaviour. This would allow to use the FE methods for the prediction 
of the joining process itself but also to predict failure loads and critical regions. 
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